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Abstract
The development of organic electronics has progressed rapidly due to the demand for lower cost,
large scale fabrication of devices using inexpensive materials with flexible substrates. The field
has seen the discovery of many suitable organic substitutes for traditional electronic component
materials, in particular, by polymers and small molecules. One class of materials, metal oxides,
have yet to find organic alternatives capable of performing to standards required.
In this thesis, a non-toxic, room temperature method for functional oxide film formation from
small molecules frequently employed as active layers in devices is explored to fully determine
the mechanism by which the metal oxide is formed. Comparison of precursors, ZnPc (zinc
phthalocyanine) and ZnTPP (zinc tetraphenylporphyrin), with contrasting morphology when
deposited as thin films demonstrates the importance of the oxygen-assisted mechanism and
its relation to grain boundaries. It is demonstrated that efficiency of oxide formation may be
improved by choice of a crystalline precursor.
Heterostructures of ZnPc and PTCDA (3,4,9,10-perylenetetracarboxylic dianhydride), an archety-
pal organic semiconductor, are used as a model to determine the effect of the UV process for
oxide production on underlying organic layers. We show that approximately half the precur-
sor film reacts before the underlying layer is affected. The structures also reveal no effect of
molecular orientation on the rate of oxide formation and templated films of ZnPc on PTCDA
are correctly indexed for the first time. The use of PTCDA also confirms that inclusion of an
oxygen-containing molecule can be employed as a method to increase the rate of film degrada-
tion.
Finally, nanosphere lithography of ZnPc films is combined with the UV assisted process to form
regular arrays of hollow triangular nanostructures or pillars with the aim of creating structures
suitable for photonic use.
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Chapter 1
Introduction
First built in 1947, the transistor heralded the launch of modern semiconductor based elec-
tronics [22], creating ever smaller devices at lower cost but research efforts now also include
organic materials, achieving major breakthroughs [23,24]. Lightweight and inexpensive, organic
electronics has the potential to supersede silcon based electronics in many areas, in particu-
lar when considering large scale printing and flexiblility. Although a doped single crystal of
silicon may have a mobility of ∼ 1000 cm2/Vs [25], size limits its use to smaller applications
with amorphous silicon fulfilling most other device requirements, with a much lower mobility
of ∼ 1.0 cm2/Vs [26], a value, however, within reach of organic semiconductors [24, 27]. Al-
though organic materials, whether polymers or small molecules, have been developed to replace
many active components in electronic devices, one class of inorganic materials critical for device
function, for which adequate organic alternatives have not been found, is metal oxides.
Metal oxides fulfil many roles, exploiting their structural, conductive, photovoltaic, thermo-
electric and multiferroic properties, requiring a range of synthesis and preparation methods to
realise their use, whether as bulk crystals, nanowires or thin films. The opportunity therefore
exists to develop methodologies for inclusion of metal oxides within traditional electronics with
increasing demand for methods of functional oxide formation for plastic electronics. The pri-
mary goal of this thesis is to develop a unique process involving vacuum ultraviolet (VUV)
light and oxygen for the creation of metal oxides, specifically zinc oxide, from small molecules
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routinely employed in the active layers of organic electronic devices, in particular organic solar
cells and organic light emitting diodes (OLEDs).
In this chapter, the field of Organic Electronics is briefly described and zinc oxide use high-
lighted. Current methods of oxide formation are compared and typical uses of ultraviolet light
explored before elaborating on the process and materials involved in zinc oxide fabrication
within this thesis.
Chapter 2 describes the experimental methodology used for sample preparation and character-
isation techniques employed throughout this thesis.
Chapter 3 presents a thorough investigation of the effect of contrasting morphology on zinc oxide
formation via the UV process with the aim of determining the mechanism of oxide formation.
Grain boundaries are shown to have a significant positive effect on the rate of oxide formation
by providing a route for oxygen assisted film degradation.
Chapter 4 employs heterostructures of metalorganic precursor and an archetypal molecular
crystal as a model for multi-layer organic systems, such as might be encountered in an organic
electronic device, to explore the impact of the UV process on layers underlying the precursor.
In addition, the effect of molecular orientation and inclusion of an oxygen-containing layer is
investigated, the latter more fully demonstrated by UV irradiation of a multilayer structure. We
show that UV degradation and oxide formation proceed regardless of the molecular orientation
of the precursor and that an underlying layer is affected only after 50% of the precursor film
has reacted.
Chapter 5 combines nanosphere lithography and UV assisted zinc oxide formation for the first
time, with the aim of creating patterned arrays of nanostructures for potential use as photonic
structures. We report some success creating regular arrays and identify improvements which
would result in structures with increased definition.
Chapter 6 summarises the findings from this thesis and outlines further work to progress beyond
conclusions reached.
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1.1 Organic Electronics
Modern technology relies on silicon based electronics but limitations involving the expense of
manufacturing such inorganic materials on a larger scale have led to the development of organic
electronics with the benefits of solution processing for printing and coating, easily synthesised
molecules with tuneable properties, flexible, lightweight substrates and large area roll-to-roll
manufacture. Although costs of electronics grade silicon have dropped recently due to increased
manufacturing volume [28], this does not address the issues of weight and flexibility, thus
the scope for lower cost organic based technologies meeting these demands exists. Economic
assessments regarding the potential performance of organic based photovoltaics (OPV), for
example, indicate that providing module lifetimes reach 5 years and efficiencies 7%, then OPV
represents an economically viable investment [29].
Metal-free and copper phthalocyanines were two of the first organic molecules identified as
possessing semiconducting properties in 1948 [30], followed by observation of photovoltaic (PV)
activity using magnesium phthalocyanine [31] and the first organic heterojunction in 1986
using copper phthalocyanine [32]. Meanwhile 1987 saw the advent of the OLED [33] and
developments in both fields broadened [34, 35] following the discovery of conducting polymers
[36]. Polymer based solar cells generally contain blends of a conjugated polymer such as poly(3-
hexylthiophene) (P3HT) and a C60, fullerene derivative such as [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) with efficiencies reported in excess of 10% [37]. However, progress using
small molecules also continues apace, reaching efficiencies of 13.22% [38].
In addition to the active layer within a device, the electrode itself has a significant impact,
being responsible for drawing or injecting charge and permitting the entry or emission of light.
Traditionally, electrodes are invariably tin doped indium oxide (ITO), with a high light trans-
mittance of over 80% in the visible range and resistivities below ∼ 1 × 10−4 Ωcm [39]. ITO,
however, suffers from brittleness and an increasing cost due to the scarcity of indium [40], al-
ready contributing significantly to the cost of a PV device [29]. Although ITO may be deposited
on flexible substrates such as polyethylene terephthalate (PET), the resulting film is usually of
lower quality due to the lower substrate deposition temperatures required [41]. Consequently,
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alternatives to ITO have been sought.
Requirements of electrode materials for organic electronics include transparency in the visible
range, low resistivity, processing methods and temperatures compatible with flexible substrates
and active layers, stability and appropriate HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) levels to enable efficient charge transport into and
out of devices. Polymers such as poly(3,4-ethylenedioxythiopene) complexed with poly(styrene
sulfonate) (PEDOT-PSS) have been successfully employed as electrode materials in electrolu-
minescent devices and organic field effect transistors (OFETs) [42,43] but can suffer instability
upon thermal and chemical stresses [40]. Individually, carbon nanotubes present high intrinsic
mobilities of∼ 105 cm2/Vs [44] and thin films have been used as electrodes for polymer/fullerene
solar cells [45]. A major advantage would be solution based deposition following solubilisation
of nanotubes, however, dispersion is a problem as carbon nanotubes aggregate easily due to a
high Van der Waals interaction and progress is further hindered by the difficulty in obtaining
carbon nanotubes in quantity, of a uniform size and with adequate purity.
Graphene is another material which has seen intensive research into potential applications since
2005 when room temperature mobilities of ∼ 104 cm2/Vs were reported [46]. Transmittance
and sheet resistance for highly doped graphene both decrease with an increasing number of
layers necessitating a compromise or the development of composite films. Alternatively, etching
may be used to create a graphene grid with sufficient transparency [47] and deposition of
graphene over a network of metal nanostructures can also achieve mobility and transparency
requirements to some extent [48]. Solution processing of graphene functionalised by chemical
oxidation may be used to deposit thin films, subsequently reduced to regain conductivity for use
as electrodes [49]. Although ideal as a method to be industrialised for roll-to-toll processing,
defects within sheets dramatically reduce conductivity.
Metal, with its high conductivity, offers yet another alternative to ITO. As metal is highly
reflective, films used as electrodes must be extremely thin (< 10 nm) where transparency
is required but at this point, surface roughness becomes an issue, resulting in scattering of
charge carriers and decreased conductivity, with possible oxidation of such thin layers also a
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concern [50, 51]. Alternatively, metallic nanostructures or a grid may be employed, allowing
transmission of light between the gridlines or nanostructures [52, 53]. In the case of grids,
the transmittance is limited by the finite width of gridlines and a trade-off must be made if
using thinner lines, as resistance increases. Fabrication methods are often labour intensive
and problematic as any defects adversely affect charge transport due to the narrow gridlines
required for transparency [40]. Nanoimprint lithography simplifies manufacture but is more
suitable for thicker lines [53].
The remaining group of alternatives to ITO is other metal oxides. Transparent conducting
oxides (TCOs) include doped In2O3 (indium oxide) but also ZnO (zinc oxide) and SnO2 (tin
oxide), among others. These binary compounds may be doped with a range of impurites,
summarised in table 1.1 [1], providing performance and stability superior to that of undoped
metal oxide films where transport properties are a consequence of oxygen vacancies or interstitial
metal atoms. Of these doped binary compounds, the most likely candidate to replace ITO is
aluminium doped zinc oxide (AZO), thin films of which were shown to equal the resistivity of
ITO for the first time in 1996 when prepared by pulsed laser deposition [54]. Furthermore,
zinc oxide is abundant and inexpensive with no toxicity. The properties of AZO compare very
favourably with those of ITO (table 1.2).
Table 1.1: TCOs and their dopants, suitable for use as transparent electrodes [1]
Method Dopant or compound used
SnO2 Sb, F, As, Nb, Ta
In203 Sn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te
ZnO Al, Ga, B, In, Y, Sc, F, V, Si, Ge, Ti, Zr, Hf
CdO In, Sn
ZnO-SnO2 Zn2SnO4, ZnSnO3
ZnO-In2O3 Zn2In2O5, Zn3In2O6
In2O3-SnO2 In4Sn3O12
CdO-SnO2 Cd2SnO4, CdSnO3
CdO-In2O3 CdIn2O4
MgIn2O4
GaInO3, (Ga, In)2O3 Sn, Ge
CdSb2O6 Y
ZnO-In2O3-SnO2 Zn2IN2O5-In4Sn3O12
CdO-In2O3-SnO2 CdIn2O4-Cd2SnO4
ZnO-CdO-In2O3-SnO2
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Table 1.2: Properties of AZO and ITO [1]
AZO ITO
Resistivity (Ωcm) 10-5 10-5
Bandgap Eg(eV) 3.3 3.7
Refractive index 2 2
Work Function φ (eV) 4.6 4.8 - 5.0
In addition to their use as electrode materials, TCOs are used as charge transport layers in solar
cells with ZnO as an electron transport layer in polymer solar cells [55] and transition metal
oxide films, such as vanadium oxide (V2O5) and molybdenum oxide (MoO3) as hole injection
layers [56]. Furthermore, zinc oxide has been used as the channel layer in transparent thin film
transistors [57] and as a buffer layer in OLEDS [58], making it one of the most useful of the
metal oxides and deposition is possible via a range of methods. Hence, we have concentrated
our efforts in this thesis on the fabrication of zinc oxide.
1.2 Manufacture of Zinc Oxide for Organic Electronics
Zinc oxide films may be fabricated by a variety of methods but not all are suitable for use
with organic electronic devices or flexible substrates which will not generally withstand harsh
solvents or high temperatures. Main deposition techniques are described below.
1.2.1 Magnetron Sputtering
The predominant deposition method, magnetron sputtering, takes place in an inert environment
and is often used for ZnO deposition [59]. Ions are accelerated towards a metal oxide target,
sputtering molecules, a portion of which adhere to the substrate. A magnetic field is applied,
trapping electrons close to the target source in a helical path. Concentration of electrons in the
vicinity of the oxide results in an enhanced deposition rate and both substrate and source may
remain at room temperature, negating any necessity to raise the temperature of high melting
point oxides for deposition and permitting use of low melting point substrates.
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1.2.2 Pulsed Laser Deposition
Pulsed laser deposition (PLD) requires that both substrate and target are contained in a vac-
uum. A laser fired at the target creates a plasma plume, vaporising the metal oxide. The oxide
vapour deposits as a film on the substrate with a higher quality than that achieved by mag-
netron sputtering as the quantity of material deposited in a single pulse is much higher, allowing
higher levels of nucleation. PLD was used to deposit AZO films with resistivity comparable to
that of ITO [60].
1.2.3 Chemical Vapour Deposition
When used for deposition of ZnO, this method generally involves reacting precursor molecules
on the surface of a heated substrate or by thermal decomposition on the substrate. Molecules
such as diethyl-zinc or dimethyl-zinc may be used but are highly reactive in air. Alternatively,
zinc acetate has also been successfully employed [61]. The high temperatures involved prohibit
the use of polymer substrates.
1.2.4 Spray Pyrolysis
Similar to chemical vapour deposition (CVD), spray pyrolysis involves the reaction of chemicals
on the substrate. In this case, solutions of the chemicals are sprayed onto a heated substrate,
releasing volatile by-products upon reaction and producing a metal oxide film [62]. Again,
heated substrates are incompatible with the use of polymer materials.
1.2.5 Molecular Beam Epitaxy
In molecular beam epitaxy (MBE) both the substrate and sample are contained in a vacuum.
The oxide is heated to sublimation and slowly, epitaxially deposits on the substrate. Metal
sources may be used under oxygen radical irradiation to form the metal oxide on the substrate
[63] and although sensitive substrates may be used, the source material must withstand heating.
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1.2.6 Spin-Coating
Zinc oxide may be deposited using a sol-gel method and spin-coating which has the advantage
of requiring no vacuum system. The sol-gel method for zinc oxide frequently uses zinc acetate as
a precursor dissolved in a solvent with a stabiliser to form a colloidal solution. This solution is
then poured onto a substrate which is spun at the rate necessary to form the required thickness
prior to heating to remove the solvent [55,64], limiting the substrates which may be used.
1.2.7 Electrodeposition
Electrodeposition is a simple and scaleable method, employing the substrate as a cathode and
the metal whose oxide is to be deposited as the anode. The electrodes are placed in a solution
such as a nitrate of the metal and a current passed through the solution through the electrodes.
The metal oxide deposits on the cathode. Control of temperature, concentration, pH and
potential allow the deposition of a variety of nanostructures and highly crystalline film [65].
1.3 UV assisted processing
Processing using UV light is already well-established in many fields due to the many benefits
offered. Lamps are reliable with a consistent light output and a choice of wavelengths. The
intensity is adjustable and the response time is very short. A major use is for disinfection or
sterilisation allowing water reuse in industry, processing of sewage water and to create drinking
water. As no chemicals are involved, water suffers no deterioration in taste or odour and
for sewage, clearly improves these characteristics. As a method for cleaning and disinfection,
UV light is extremely useful when applied to food packaging and food preparation surfaces
where only a few seconds of irradiation are required with no chemicals involved. Lamps used
for disinfection are usually mercury vapour lamps producing an emission line at 254 mn [66].
UVC radiation (10 - 280 nm) is particularly effective at killing bacteria by causing damage of
DNA [67] and is even used to disinfect the water used as ballast to provide stability in large
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ships.
Another major use is for curing and drying for coatings or printed ink and is of particular
relevance to organic electronics where polymers are employed for UV-induced polymerisation in
nanoimprint lithography, avoiding the need for thermal input and unsuitable solvents [68]. UV
curing is also easily integrated into roll-to-roll processes, resulting in higher speed printing on
flexible substrates [69]. The UV lamps require very little maintenance and processing produces
minimal waste.
Of impact in this work is the use of UV light, in combination with oxygen for decomposition
of organic molecules. Used with titanium dioxide, a photooxidative catalyst, UV light reacts
with oxygen in the air to form highly reactive radicals and ozone which bind to volatile organic
compounds, oxidising them for safe elimination and is employed in the removal of organic
chemicals from industrial exhaust fumes [70,71].
One of the broadest uses of UV light is for surface treatment which may be for electrode improve-
ment by modification of work function [72, 73], UV hardening of photoresists for lithographic
processes where temperatures might otherwise be too high [74] and increasing hydrophilicity
and adhesion [75]. Many of these modification techniques use mercury vapour lamps [74]. A
routine use of UV light for surface treatment is UV-ozone cleaning. Ideal as a technique to
prepare substrates for subsequent deposition of films, ozone and reactive oxygen atoms created
by the absorption of UV light by molecular oxygen are very strongly oxidising and remove any
contaminants from the substrate surface [76].
UV sources are available in a variety of forms, each producing a different frequency or range
of frequencies and each with their own benefits. One of the most popular is the low pressure
mercury vapour lamp, a gas discharge lamp which produces light at several wavelength by
passing an electric arc through vaporised mercury. UV light is produced at wavelengths of 185
and 254 nm. These lamps are commonly used for germicidal purposes. Mercury lamps do not
emit UV light immediately as the mercury must first be vaporised then ionised. Lamps usually
contain argon which is ionised as soon as the lamp is switched on, creating an arc which may
then gradually heat up the mercury so that it vaporises. Gas discharge lamps may contain other
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gases such as neon, helium or sodium, each producing light at a different range of wavelengths.
UV LEDs have recently found uses for UV curing, photocatalytic applications and are being
developed as UV sources for disinfection [77, 78]. As they do not contain mercury and require
no specialist waste disposal, their appeal is obvious.
The source used here is a xenon excimer lamp which relies on emission of UV light from the
excited state of a pair of weakly bound molecules which do not have a bound ground state under
normal conditions as the ground state is repulsive, such as He*2, Ne
*
2, Ar
*
2, Ar
*
2, Kr
*
2, and Xe
*
2
as well as the halides ArF*, KrF*, XeCl*and XeF* [79]. The light produced is incoherent and
quasimonochromatic and for xenon, UV light is produced at 172 nm. Two concentric quartz
tubes with metal electrodes on their outer surfaces are separated by xenon with the outermost
electrode perforated to allow the escape of UV light (figure 1.1). A high voltage applied between
the two electrodes results in microdischarges of a few hundred amperes per square cm appearing
as long narrow filaments of charge. The electrons from these discharges collide with the xenon
atoms to produce two excited atomic states (equation 1.1). Although both are formed, it is
only the first excited state, Xe*, which produces the excimer directly via a three body collision
with two other xenon atons (equation 1.2) [79]. Finally, the excimer returns to its ground state,
radiating UV light at 172 nm and disintegrating to two xenon atoms (equation 1.3). Soon after
their development, excimer lamps found use in material deposition by photon-assisted cleavage
of precursors to deposit metals or semiconductors, for surface modification, in particular of
polymers and in pollution control [7].
(a) (b)
Figure 1.1: (a) Cylindrical excimer lamp configuration, reproduced from [7] and (b) Light
intensity produced by a Bluelight compact excimer system, reproduced from [8]
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e + Xe −→ e + Xe∗ (1.1)
−→ e + Xe∗∗
Xe∗ + Xe + Xe −→ Xe∗2 + Xe (1.2)
Xe∗2 −→ 2Xe + hν (1.3)
1.4 Molecular Materials
The process explored in this thesis was first reported in 2000 when cobalt phthalocyanine films
irradiated by light with an energy of 7.21 eV were found to form cobalt oxide with removal of
organic fragments [80]. Investigations on manganese phthalocyanine in 2009 came to the same
conclusion [81]. Here, we develop the process further as a methodology for functional oxide
film formation, in particular for zinc oxide. This work therefore involves zinc phthalocyanine
(ZnPc), a similar precursor, zinc tetraphenylporphyrin (ZnTPP) for comparison and as part of
a multi-layer system, 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA), all of which will
be described here.
1.4.1 Phthalocyanines
Phthalocyanines are a class of blue-green coloured polyaromatic compounds, structurally re-
lated to the porphyrin macrocycle ring system [82], the name originating from the Greek terms
naphtha (mineral oil) and cyanine (dark blue). Phthalocyanines are used extensively for a range
of applications, including dyes, solar cells [32, 83], transistors [84], OLEDs [85, 86], spintron-
ics [87] and chemical sensors [88] and all contain the phthalocyanato anion, C32H16N
2-
8 (Pc
2-)
bound to either hydrogen (H2Pc), metal ions such as Cu
2+, Mn2+and Zn2+ (MPc) or groups
of atoms in the central cavity. The molecule remains planar for hydrogen and small metal
atoms but acquires a pyramidal structure with larger ions, for example, vanadyl phthalocya-
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nine (VOPc).
Structure
The phthalocyanine macrocycle comprises four isoindole units, resulting in a 2-d pi-conjugated
system responsible for intense electronic absorption in the visible region and an isotropic con-
ductivity in a direction orthogonal to the molecular plane when stacked (figure 1.2) [12]. The
high electronic interaction between the Pc and the metal atom results in a charge distribution
where a metal ion such as Zn2+ manifests rather more as Zn0.5+- Zn0.9+ , creating high thermal
and chemical stability of the metal-phthalocyanine complex [89].
Figure 1.2: Molecular structure of zinc phthalocyanine
Planar phthalocyanines are generally considered isomorphic, with at least 15 different poly-
morphs described in the literature [3, 90]. For our purposes, zinc phthalocyanine may be con-
sidered to adopt the same structures as copper phthalocyanine (CuPc) [91]. The metastable α
polymorph forms at room temperature and belongs to the C2/c space group [92], crystallising
in a monoclinic system. The stable β polymorph forms on annealing or when deposition oc-
curs at higher temperatures and takes a monoclinic structure, crystallising in the P21/a space
group [92]. The CuPc α polymorph was considered for a long time to be the same as platinum
phthalocyanine (PtPc) and the metal-free phthalocyanine, forming a herringbone arrangement
when crystallising in the monoclinic system [2], however, Hoshino found in 2003 that the CuPc
α polymorph is not isomorphic with the α polymorphs of either H2Pc or PtPc and instead
formed a slipped stack arrangement [3]. Structural information for both modifications is sum-
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marised in table 1.3. The two polymorphs and x-ray diffraction identification are explored
further in chapter 3.
Table 1.3: Structural information for the α polymorph of CuPc, as determined by Ashida [2]
and Hoshino [3]
ZnPc - Ashida [2] ZnPc - Hoshino [3]
Space Group C2/c P21/a
Cell lengths (A˚) a 25.92, b 3.79, c 23.92 a 12.886, b 3.769, c 12.061
Cell angles (◦) α 90, β 90.4, γ 90 α 90.22, β 90.62, γ 90.32
Cell Volume (A˚3) 2349.77 582.275
Although planar metal phthalocyanines form films epitaxially when deposited on substrates
such as copper and molybdenum sulphide [93,94], when using weakly interacting substrates at
room temperature, such as those used in this work, the film form in the α structure. Hence,
only results reported for non-interacting substrates are considered. Films are composed of
spherical microcrystallites, approximately 28 nm in size (figure 1.3), arranged with the (200)
plane parallel to the substrate but depart from this orientation as film thickness exceeds 100
nm and crystallite size increases [95].
Figure 1.3: AFM image of a 27 nm film of iron phthalocyanine on sapphire substrates grown
at 25°C [9]
Electronic Spectroscopic Properties
The electronic absorption spectra of phthalocyanines has been studied extensively, although
ZnPc is reported less frequently than CuPc. The vapour, solution and thin film spectra show a
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progressive increase in intermolecular interactions. Figure 1.4a compares the absorption spectra
of CuPc in solution and as a thin film. The contribution of intermolecular interactions results in
a broadening of the peaks from the momomer characteristics observed in solution and has been
explained as a consequence of a dimer model with exciton dipole-dipole interactions resulting
in the splitting of peaks in absorption spectra [10]. This effect is repeated in the vapour-phase
and thin film absorption spectra of ZnPc (figures 1.4b,c) with distinct broadening of the sharp
peaks seen at approximately 440 and 660 nm in the vapour-phase.
Figure 1.4: (a) Electronic absorption spectra of CuPc in 1-chloronaphthalene (dashed line) and
an evaporated film of α-CuPc adapted from [10], (b) vapour-phase absorption spectrum of ZnPc
adapted from [11] and (c) absorption spectrum for a flash evaporated ZnPc film reproduced
from [12]
Figure 1.5 shows the absorption spectrum of ZnPc film with the Q and B (Soret) bands
indicated at approximately 500 - 900 nm and 200 - 400 nm, which have been attributed to
an a1u to eg transition, and an a2u to eg and a b2u to eg transition, respectively [12]. Not
visible within this range is an additional absorption band, the C band with a peak at 212
nm [96]. The B band has been observed as a doublet with peaks at at 335 nm and 354 nm and
a shoulder at 287 nm [97] and corresponds to a transition from the HOMO-1 energy level to
the LUMO energy level. Additional peaks have also been reported just above the Soret band
at 335 nm [96] and 354 nm [97]. There is some dispute as to whether the origin of the lower
energy peak in the Q band (705 nm) is excitonic in nature and the higher energy peak (620.5
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nm) due to a pi − pi∗ transition on the Pc macrocycle [96] or whether the transitions arise as a
result of Davydov splitting [98]. This is discussed further in section 3.2.3.
Figure 1.5: Thin film absorption spectrum of ZnPc, indicating the B and Q bands, reproduced
from [13]
1.4.2 Porphyrins
Porphyrins are substituted porphins, many of which occur frequently in nature, for example,
heme, which is the pigment in red blood cells and as chlorin, which occurs in chlorophyll used
for photosynthesis. As with phthalocyanine, there are a range of metal tetraphenylporphyrins
available, including Co, Fe, Ni, and Mn. Due to their absorption in the visible range, derivatives
are used as the donors in solar cells [99] and as sensitisers for dye-sensitised solar cells [100]. A
substituted porphin, zinc tetraphenylporphyrin (ZnTPP), is used in this work.
Structure
Although structurally similar to ZnPc, ZnTPP differs in its stacking ability as a result of the
four phenyl rings attached to the main porphin macrocycle (figure 1.6a). These phenyl groups
lie at an angle of approximately 60° to the core of the molecule [4] and as a consequence, ZnTPP
forms amorphous films [101]. ZnTPP does, however, crystallise in the triclinic system when
unsolvated crystals are dissolved in chloroform, filtered and layered with benzene, allowing
crystals to deposit at the bottom several days later [4]. The highest intensity peak in the
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x-ray powder diffraction data of ZnTPP indicates the (010) plane lies parallel to the substrate
(figure 1.6b) but this is rarely seen in deposited films. Structural information is summarised in
table 1.4 and the effect of structure on x-ray diffraction results is discussed in chapter 3.
(a) (b)
Figure 1.6: (a) Molecular structure of zinc tetraphenylporphyrin and (b) arrangement of zinc
tetraphenylporphyrin molecules in the triclinic system as determined by Scheidt [4], viewed
along the (010) plane indicated in pink
Table 1.4: Structural information for zinc tetraphenylporphyrin as determined by Scheidt [4]
ZnTPP - Scheidt [4]
Space Group P -1
Cell lengths (A˚) a 10.382, b 12.421, c 6.443
Cell angles (◦) α 98.30, β 101.15, γ 96.47
Cell Volume (A˚3) 798.131
Electronic Spectroscopic Properties
Absorption spectra of ZnTPP in the vapour phase, as a solution in water and a 50µm film
show an increasing splitting of peaks in the Q band as for ZnPc (figure 1.7). The highest
wavelength peak in the thin film absorption spectrum (figure 1.7b) is attributed to the pi − pi∗
transition from the HOMO to the LUMO level (A2u to Eg) and higher energy transitions from
the HUMO-1 to the LUMO level [102].
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Figure 1.7: Electronic absorption spectra of ZnTPP (a) in the vapour phase [14] (b) as a 50µm
film and in water, adapted from [15]
1.4.3 3,4,9,10-Perylenetetracarboxylic Dianhydride (PTCDA)
3,4,9,10-Perylenetetracarboxylic dianhydride (PTCDA) is a commercial red pigment but has
been investigated extensively as a result of its regular stacking and small intermolecular distance
which make it an ideal model for organic semiconductor systems. Its mobility has led to its use
as an electron acceptor in solar cells, for hole injection in OLEDs and has been investigated as
the channel material for field effect transistors, distinguishing between electron flow along the
molecular planes and hole transport orthogonal to the molecular plane [103–105].
Structure
PTCDA is a planar molecule based on perylene and exists as two polymorphs, α and β, both
crystallising in the monoclinic system on weakly interacting substrates and both belonging to
the P21/c space group. In fact, the two structures are so similar, with intermolecular distances
of 3.22 and 3.25A˚, that until 1992, it was believed that only one modification existed [106].
The structural parameters are summarised in table 1.5.
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Table 1.5: Structural information for the α and β polymorphs of PTCDA as determined by
Tojo and Mizuguchi [5, 6]
Alpha-PTCDA [5] Beta-PTCDA [6]
Space Group P21/c P21/c
Cell lengths (A˚) a 3.703, b 12.013, c 17.161 a 3.74, b 18.95, c 10.75
Cell angles (◦) α 90, β 93.26, γ 90 α 90, β 96.0, γ 90
Cell Volume (A˚3) 762.157 757.711
While PTCDA forms films epitaxially on interacting substrates such as NaCl and KCl, on
substrates such as glass and silicon with a native oxide layer, PTCDA forms films with its
molecules arranged flat against the surface [106]. XRD scans of PTCDA on glass and silicon
show that the molecules lie with the (10-2) plane parallel to the substrate with some adopting
an orientation with the (110) plane parallel to the substrate [107].
Electronic Spectroscopic Properties
Several theories exist regarding the origin of transitions observed in the electronic absorption
spectra (figure 1.8). Bulovic et al. consider the transition at 2.23 eV due to a charge transfer
state and 4 higher energy peaks in the solution spectrum arising from transitions to different
vibronic singlet states (S1[0 - νn]) (figure 1.8a) [16]. As the peak profiles were unaffected by con-
centration, these transitions were considered Frenkel-like with the electronic excitation mostly
confined to the monomer and were broadened in the spectrum for a thin film (figure 1.8b). The
spectrum is now considered to be composed of mixed molecular and charge transfer state tran-
sitions coupled to molecular vibrations with the entire absorption between 2 - 3 eV attributed
to molecular pi − pi∗ transitions [108]. Absorption spectra for PTCDA are explored further in
section 4.2.
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Figure 1.8: Electronic absorption spectra (solid line) and fluorescence spectra (dashed line) of
PTCDA (a) in solution and (b) as a 1000A˚film, adapted from [16]
Chapter 2
Experimental Details
In this chapter, the techniques used to prepare and irradiate samples is described, followed by
a summary of characterisation techniques. Substrates were either quartz (10 x 10 x 1 mm,
purchased from UQG Optics Ltd), glass (cut from transparent float glass slides purchased
from VWR) or silicon with a native oxide layer (purchased from Virginia Semiconductor).
Substrates were prepared for deposition by sonication for 10 minutes each in acetone then
isopropanol before drying in a nitrogen stream and mounting on a substrate holder for film
deposition. ZnTPP was of 98% purity supplied by Porphyrin Systems and ZnPc and PTCDA
were supplied from Sigma-Aldrich with purity 97%.
2.1 Organic Molecular Beam Deposition (OMBD)
Organic Molecular Beam Deposition (OMBD) was used to deposit all films examined in this
thesis. The main principle is deposition of films by sublimation of the source material in a high
or ultra-high vacuum. Advantages are the high purity possible, consistent film growth with
variable deposition rates and the option for co-deposition of material. In our case, purity is
further ensured by placement of the OMBD system within a glovebox.
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Figure 2.1: (a) The OMBD chamber and glovebox with (b) substrate holder at the top of the
chamber, (c) top view of Knudsen cells situated at the bottom of the chamber and (d) side
view of a set of Knudsen cells. Quartz crystal monitors are indicated by red ovals and shutters
for the sources by yellow ovals. Images (b) and (d) are modified from images taken from the
Kurt Lesker website
The OMBD system consists of a steel chamber capable of high and ultra-high vacuum achieved
by a combination of roughing pumps, cryo pumps and in the case of ultra-high vacuum, ion
pumps. The source material is placed in a ceramic crucible within a Knudsen cell at the base of
the OMBD chamber (figure 2.1c) and substrates are mounted on a substrate plate and placed
in a holder at the top of the chamber (figure 2.1b). The chamber used has the facility to deposit
on several separate substrate plates in turn without breaking the vacuum. Once the required
vacuum has been achieved (10-7mbar here), the source within the Knudsen cell is heated by
passing an adjustable current through tanatalum coils surrounding the crucible, allowing a
variable rate for heating and monitored using a thermocouple attached to the crucible. Once
the correct temperature is reached, the shutters covering the sources (indicated by yellow ovals
in figure 2.1) open and the source material sublimes. The flux rate of sublimed particles is
measured by quartz crystal monitors (QCM) placed close to the mouth of the cells. Deposition
of material on quartz crystals alters their mass and consequently their resonant frequency,
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allowing determination of the deposition rate. The deposition rate was maintained at 1A˚/s
for all films of thickness exceeding 30 nm. For thinner films, a rate of 0.1 A˚/s was used by
adjustment of source heating. Once a consistent rate is achieved, the shutter obscuring the
substrates is removed and film deposition proceeds, monitored by a further QCM placed near
the substrates. The substrate holder rotates thoughout deposition, ensuring a uniform film and
may be heated if required. Films were deposited on substrated maintained at room temperature
for this thesis.
Although the thickness of film determined by a QCM, TQCM , may be used as an indication
of material deposited, it is often necessary to measure the actual thickness, TTrue, by other
means. Here, films were scratched and the scratch profile measured by atomic force microscopy.
This value is then used to adjust deposition parameters by use of a tooling factor to obtain
a calibrated value, TFcalibrated, by adjustment of the initial value, TFinitial (equation 2.1). A
measurement of film thickness taken by this method is shown in section 3.2.3.
TFcalibrated =
Ttrue
TQCM
TFinitial (2.1)
2.2 Nanosphere Deposition
Chapter 5 gives a detailed description of the method used to form monolayers of polystyrene
nanospheres and a brief comparison to other methods.
2.3 UV Irradiation
UV irradiation is carried out in a purpose built stainless steel vacuum chamber, of volume
approximately 30 litres, fitted with a BlueLight Compact Excimer System, a xenon excimer
lamp, capable of irradiance intensity 50mW/cm2. Samples are mounted on an aluminium
plate and placed at a distance of 8.5 cm from the lamp. The chamber is evacuated using a
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rotary pump. Once a pressure of 10-1mbar has been reached, nitrogen is let into the system
to a pressure of 1.8 mbar via the gas inlet shown in figure 2.2. Once stable, oxygen flow is
introduced until a total pressure of 3.0 mbar is reached, creating an environment with 40%
oxygen.
Figure 2.2: View of the sample plate for the UV chamber with a schematic of an excimer lamp
drawn to indicate the position and a view of the interior of the UV chamber
The lamp was switched on for the duration required before reducing the oxygen flow to zero
and switching off the lamp. Nitrogen was flushed through the chamber to remove any residual
organic fragments and ozone before returning the chamber to atmospheric pressure. It was
assumed that the flux of UV light would be represented by a simple model which yielded
the light distribution shown in figure 2.3b, however, irradiation of ZnPc film for 90 minutes
demonstrated a highly uneven flux across the sample holder (figure 2.3c). The thickness of
ZnPc film remaining was determined as explained in section 3.2.3 and plotted in figure 2.3d.
As the flux was not equal across the sample plate, samples for irradiation were always placed
in the same position as indicated in figure 2.3a.
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Figure 2.3: (a) Schematic of excimer lamp showing its position in relation to the sample plate
with samples placed on one edge, (b) model of expected UV flux, (c) film samples of 100 nm
ZnPc placed across the sample plate and irradiated for 90 minutes and (d) thickness of ZnPc
remaining as a function of position on the sample plate. The films for (c) and (d) were deposited
and irradiated and data taken by Lucille Chambon
2.4 Atomic Force Microscopy (AFM)
Atomic force microscopy is one of a range of scanning probe techniques and can provide 3-
dimensional topographical information on a range of samples, regardless of substrate. The
principle involves drawing a sharp tip attached to a cantilever of known force constant across
the sample surface to create a map based on the tip-sample interaction. The two modes of
operation are contact and tapping mode.
Proximity of the tip to the surface results in deflection of the cantilever due to repulsive forces
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which decrease with distance. A laser reflected from the back of the cantilever is directed
to a quadrant photodiode and any deflections are detected by changes in the intensity and
direction of the reflected laser beam (figure 2.4). In the case of contact mode, the tip is
held continually against the surface of the sample. Deflections detected are passed through
an electronic feedback loop to a piezoelectric tube on which either the sample or cantilever
is mounted and the height of the tube adjusted to maintain a constant deflection or constant
force, ensuring the tip remains in contact with the surface.
While appropriate for samples resistant to damage, phthalocyanine films are somewhat softer
and use of tapping mode is necessary. In this case, the tip is oscillated close to its resonant
frequency so that it only touches the surface periodically, dramatically reducing lateral forces
that would otherwise affect the film. The sample-tip interactions affect the frequency and
amplitude of the oscillations, allowing modulation of either via the feedback process. The
difference between the driving and resultant amplitudes is the phase and mapping of this gives
information regarding variations in chemical composition of the surface.
Figure 2.4: Schematic showing operation of AFM with the feedback electronics, reproduced
from [17]
The microscope used here was a Veeco Dimension 3100 with NSC15/AIBS tips from Mikro-
Masch with a force constant of 46 N/m, a frequency of 325 kHz and a radius of 8 nm.
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2.5 X-Ray Diffractometry (XRD)
X-ray diffraction is a non-destructive technique giving information about the crystallographic
order within a solid by analysis of x-rays scattered elastically by atomic electron clouds. A
crystal contains atoms or groups of atoms (the basis or motif) arranged at each point in a
regular three dimensional arrays (the lattice) such that each point in a lattice has the same
surroundings as every other point in the array. The unit cell is the smallest building block of
atoms which may be repeated translationally to produce the entire crystal leaving no holes.
There are seven distinct unit cells associated with right-handed crystal axes systems defined by
vectors ~a, ~b and ~c with angles α, β and γ between the axes. Figure 2.5a shows a cubic unit cell
with axis vectors and cell angles indicated. Variation of cell lengths and angles yields the seven
crystal system and combination with lattice arrangements gives a total of 14 Bravais lattices.
Figure 2.5: (a) A cubic cell with axis vectors and cell angles indicated, (b) the (001) plane, (c)
the (002) plane and (d) the (102) plane
Directions and planes of atoms within these lattices may be described by Miller indices, written
as (h k l) and three planes are shown in figures 2.5b - d. It is planes such as these which are
detected using XRD as repeated planes within a crystal will diffract x-rays at certain angles
according to Bragg’s law (equation 2.2) where n is the order of diffraction, λ the wavelength
of x-ray used, d the distance between successive lattice planes and θ the angle of approaching
radiation as shown in figure 2.6. Diffraction peaks are observed when the path difference, 2r =
2d sin θ and the planes separated by distance d are horizontally aligned, allowing determination
of the orientation of crystallites. The technique, however, does require a minimum crystallite
size of approximately 20 nm to produce diffraction peaks.
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nλ = 2d sin(θ) (2.2)
Figure 2.6: Schematic showing diffraction of x-ray at angle θ by a crystal
XRD data were collected using an XPert PRO PANalytical x-ray diffractometer with a Cu kα
x-ray source and diffraction patterns were taken between 5 66°, with a step size of 0.033 and
a time per step of 40s.
2.6 UV-Visible Absorption Spectroscopy
Electronic absorption spectroscopy makes use of light to excite electrons in molecular electronic
energy levels from the ground state to higher anti-bonding orbitals. Typically, a spectrometer
has at least two lamps to provide light covering a range of wavelengths, for example, a deu-
terium lamp as the UV light source and a tungsten or tungsten/halogen lamp for light in the
visible range. The light is passed through a monochromator to create a beam of light with a
narrow bandwidth before being split into two separate beams. One passes through the sample
to be measured and the other through a reference sample before reaching separate photodetec-
tors. The light transmitted by the sample, I, and the intensity of the reference beam, Io, are
related to the absorbance, A, by equation 2.3, giving the percentage of light transmitted, the
transmittance T in equation 2.4.
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A = log10
(
I0
I
)
(2.3)
T = 100×
(
I
I 0
)
(2.4)
The intensity of light absorbed is related to the amount of absorbing material present in the
sample and is governed by the Beer-Lambert law (equation 2.5) relating the light absorbed at
a given wavelength to the concentration, c, of the absorbing species, the optical path length,
b and the molar extinction coefficient, , which depends on the wavelength. For thin films,
equation 2.5 is modified to relate the absorbance to the absorption coefficient, α, and the
thickness of the film, y (equation 2.6), giving the relation between light transmitted and film
thickness as in equation 2.7
A = bc (2.5)
A = αy (2.6)
Iλ
I0,λ
= e−αy (2.7)
The majority of absorption spectra were recorded using a Perkin Elmer Lambda 25 UV/VIS
spectrometer. Reflectance measurements were recorded using an integrating sphere attached to
a Varian Cary 5000 spectrometer. The sample and reference beams are carefully aligned before
they enter the integrating sphere (figure 2.7). The inside of the sphere is coated with highly
diffusive PTFE causing any light which enters the sphere to be redistributed so the sphere
is uniformly lit. To measure reflectance, the sample is placed in the sample reflectance port
(indicated in figure 2.7) and a reflectance standard coated with PTFE placed on the reference
port. The detector will then be able to determine the difference between light reflected when
the sample is present and when it is replaced by a second reference standard, measuring the
total reflectance, a sum of diffuse and specular reflectance. To measure diffuse reflectance only,
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a light trap is placed in the position where light would be specularly reflected from the sample
(the specular exclusion port in the figure).
Figure 2.7: Schematic of the integrating sphere showing alignment of sample and reference
beams and positions of the sample and detector. Reproduced from [18]
2.7 X-Ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy uses x-ray photons to excite the electronic states of atoms
near the surface of a sample placed in a vacuum of 6 10−8 mbar, resulting in the ejection of core
electrons by the photoelectric effect. These electrons are separated according to kinetic energy
by a hemispherical analyser and the intensity at each energy measured, giving information
about the elemental composition and chemical state of elements in the sample. Although x-
rays may penetrate deeply within a sample, XPS is a surface analysis technique sampling the
outermost 10 nm of the surface due to limitations of the escape depth of ejected electrons. Any
deeper than 10 nm and electrons are highly likely to suffer energy loss undergoing collisions
before escaping from the surface. These electrons are detected but contribute to a background
spectrum, having no well-defined energies.
Although photoelectric emission should result in well-defined peaks in a spectrum, for non-
conducting samples, loss of electrons results in charging which will shift all peaks. This may
be redressed by charge compensation. XPS
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If a photon of energy hν is absorbed by a core level electron which is subsequently emitted, the
energy required for the electron to escape to the continuum, the binding energy EB, depends
on the atom and energy level it was ejected from and any neighbouring electronic influences
such as bonds with other atoms. Furthermore, the electron must overcome the spectrometer
work function, φ to escape. The relationship between the binding energy and the energy of the
photon are related by the kinetic energy, EK in equation 2.8.
EB = hν − EK − φ (2.8)
The binding energy, EB, may be the difference between the energy states for an initial n-
electron and final n − 1-electron with no rearrangement of any other electrons (equation 2.9),
in which case the binding energy is approximately equal to the negative of the orbital energy,
k (equation 2.10), according to Koopman’s theorem.
EB = Ef (n− 1)− Ei(n) (2.9)
EB ≈ −k (2.10)
EB = −k − Er(k) (2.11)
The difference between binding and orbital energy is due to a rearrangement of electrons to
shield the hole created by electron emission and further relaxation of electrons in neighbouring
atoms, known as the relaxation energy, Er(k) (equation 2.11). There are further corrections
due to relativistic effects which may usually be neglected.
In addition to the peak corresponding to photoelectron emission, shifts in peak position may
occur due to initial and final state effects producing shake-up and shake-off peaks. Shake up
satellite peaks occur when a photoelectron loses energy to another electron within the same
atom, promoting the second electron from a valence to a higher energy level. In aromatic-
containing molecules, this corresponds to promoting an electron with a pi to pi∗ transition
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and has a discrete, well-defined energy. Therefore, carbon shake-up satellite peaks are always
found at energy levels a few eV higher than that for the carbon 1s peak. Since the departing
photoelectron lost energy when promoting an electron from pi to pi∗, it has an even lower kinetic
energy than that of carbon 1s electrons, thus appearing as though it must have a higher binding
energy than carbon 1s electrons. These are also known as l¨oss peaks a¨nd are frequently seen in
systems with aromatic structures, unsaturated bonds or transition metal ions.
In contrast to shake-up satellite peaks, a shake-off peak is the result of a photoelectron providing
enough energy to a valence electron to actually ionise it. This peak can then have a range of
energies as energy has been donated to the valence electron and the remaining kinetic energy
is not discrete. The photoelectron will therefore have an lower kinetic energy on emission and
thus be assigned a higher binding energy. This results in a broad feature which may not be
easily distinguished from the background signal.
Another final state effect relevant here is splitting of peaks arising as a result of emission from
p, d and f orbitals, known as spin-orbit splitting. After emission of an electron from one of
these orbitals, two peaks will be detected with area ratios corresponding to the degeneracy
of each spin state i.e. the number of different combinations of spin which will yield the total
angular momentum, j. For example, if an electron is emitted from the 2p orbital, the principal
quantum number n = 2 and the angular momentum quantum number l = 1. The spin angular
momentum number s± 1/2, therefore the orbital angular momentum, j = l+ s, may be 1/2 or
3/2. Thus there will be two peaks for the 2p binding energies with areas in a ratio of 1:2 for
the 2p1/2 and 2p3/2 levels.
XPS spectra for this work were taken using an Escalab 220i-XL instrument at a base pressure
6 10−8 mbar with an Al kα source producing x-rays of 1486.6 eV. The spot size was 400 µm
2.8 Secondary Ion Mass Spectrometry (SIMS)
Secondary ion mass spectrometry has the potential to provide highly accurate information
regarding the elemental and molecular composition of a sample, both at the surface and within
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depth by examination of fragments produced upon ion bombardment of the material. However,
destruction of the sample is a drawback.
Samples are placed in an ultra-high vacuum (≈ 10−10 mbar) and bombarded by a primary ion
beam of ions with energies between 250 eV - 25 keV, such as O+2 , Cs
+, Ar+or cluster ions,
for example, C+60. Sputtering of the surface results in the release of fragments. Approximately
1% of these are ionised, forming the secondary ion beam and the remainder are neutral. The
ions are accelerated towards a mass spectrometer such as a time-of-flight mass spectrometer
which allows simultaneous measurement of ion yields across the whole mass spectrum. The vast
majority, 95%, of sputtered particles originate from the uppermost two layers of the sample but
penetration of ions below this is increased as the angle the primary beam approaches at nears
the normal to the sample. Ions penetrating further result in a collision cascade (figure 2.8)
with the result that some atoms are embedded more deeply below the surface and some from
deeper layers are sputtered, mixing layers and resulting in altered ion yields. Furthermore, the
electronic state and bonding of atoms within a sample has a significant effect on the rate at
which ions are sputtered.
Figure 2.8: Schematic of the collision cascade inducing mixing of layers
SIMS may operate in two different modes, static and dynamic. The former requires that the
probability of any site in the sample receiving a second ion impact to be less than one and
will therefore give an accurate chemical map of the surface. Dynamic SIMS, however, allows
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repeated impingement of ions and offers the potential for depth profiling. A sputter beam
rasters across a sampling area to remove material, creating a crater, pausing to allow a pulsed
analysis beam to generate ions. The most highly focused analysis beam is provided by liquid
metal ion guns (LMIG), avoiding ion generation from the sloping crater walls which would
severely affect the accuracy of results. Release of ionised fragments may result in charging of
non-conductive samples, but this may be corrected by charge compensation using an electron
flood gun, as for XPS.
Primary ion beams may be chosen to enhance ion yields. Oxygen, for example, interacts with
metals in particular, producing the oxide from which the yield of the metal ion is artificially
increased in comparison to from the metal. The yield of manganese ions increases from 0.0013
from the metal to 0.4 from the oxide [109]. An oxygen primary beam will enhance the yield
of all positive ions to some extent. Similarly, Caesium may be used to increase the yield of
negative ions.
An Ion TOF SIMS V was used with a sputter area of 300 x 300µm and analysis area of
100 x 100µm. An oxygen primary beam with energy 500 eV was used with a Bi+3 analysis
beam. Data collection was at three shots per pixel.
2.9 Scanning Electron Microscopy (SEM)
A scanning electron microscope forms images from the interaction of the sample with an electron
beam, producing secondary and backscattered electrons and x-rays. Electrons are produced
thermionically under a high vacuum from a tungsten or lanthanum hexaboride cathode and
accelerated by an anode, acquiring an energy of 10 - 40 keV. Focusing of the electron beam
is achieved using electromagnetic condenser lenses and deflector plates or scan coils raster the
beam over the sample area.
Secondary ions are produced from the surface by removal of valence electrons from sample atoms
by the electron beam. Their energy is relatively low and they provide useful topographical data.
Backscattered electrons, however, may originate from deeper within a sample and are the result
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of direct inelastic collisions between the electrons and atoms in the sample and are directed
backwards towards the beam source. As backscattering will depend on the mass of atoms
within the sample, data from backscattered electrons gives higher mass contrast. Finally,
Auger electrons may also be emitted when a core electron is expelled from an atom by an
incoming electron. An electron from the outer shell drops down to fill the vacancy created by
the departing core electron and transfers excess energy to yet another electron. If this electron
is emitted from the atom, it is detected as an Auger electron, with an energy characteristic of
the material. If an outer shell electron fills a vacancy and instead emits its excess energy as a
photon, an x-ray will be detected. Many SEMs are equipped to give chemical and elemental
data based on the characteristic energies produced.
A JEOL JSM-6010LA SEM was used to image films formed using nanosphere lithography with
an accelerating voltage of 10 - 20 keV. Samples were coated with gold to avoid charging.
Chapter 3
Determining the Mechanism of Oxide
Formation from Molecular Precursors
3.1 Introduction
Cobalt, copper and manganese phthalocyanine have been shown to form metal oxides when
exposed to ultraviolet light (UV) in the presence of oxygen [80, 81]. As thin films in organic
electronics, metal oxides have a wide range of uses. Zinc oxide (ZnO) is particularly useful as
its resistivity of less than 10−3 Ω cm [110] and large bandgap of over 3 eV makes it an attractive
choice for applications in the visible and near UV region. ZnO as a transparent conducting
oxide (TCO) has been successfully employed when doped with aluminium for OLEDs [111]; as
the electron absorber in hybrid photovoltaic devices [112]; as a cathode interlayer in polymer
solar cells, enhancing surface conductivity and electron mobility [113] and as the active channel
in thin film transistors for display purposes [114]. In addition to zinc oxide, other metal oxides
may also be produced from phthalocyanines by treatment with UV light with a potential for
similar uses.
However, there are two possible reaction mechanisms contributing to the removal of precursor
material and formation of metal oxide: photon assisted and oxygen assisted reactions. The
first relies solely on the ability of incident photons to cleave molecular bonds and is therefore
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only likely to happen if the energy of the incoming photon exceeds the energy of any of the
bonds within the precursor molecule. The latter is a consequence of UV absorption by oxygen
to form excited species which may not only attack phthalocyanine molecules at the surface
of the film but also diffuse between grain boundaries to initiate a reaction below the surface.
Determination of the relative importance of these two mechanisms is crucial in allowing us to
optimise the process.
In the case of zinc phthalocyanine (ZnPc), the strongest bonds are the C-N, C=C and N-Zn
bonds with energies in the regions of 6.7, 6.3 and 5.66 eV respectively [89,115]. Bond energies
are similar for zinc tetrapenylporphyrin (ZnTPP), with a slightly greater N-Zn energy of 6.32
eV [116]. All of these may conceivably be cleaved by photons of 7.2 eV, such as those produced
by our source, a xenon excimer lamp emitting at 172 nm with a full width at half maximum
(FWHM) of 14 nm [8].
UV irradiation in our 35 litre chamber is carried out at a distance of 8.5 cm from the lamp
which has an output of 50 mW/cm2, resulting in a radiation flux of 9.5 mW/cm2 at the surface
of the sample, approximating the flux to be cylindrically symmetrical and radially emitted
from the axis of the lamp. The UV process is carried out at 3.0 mbar, with partial pressures of
nitrogen and oxygen at 1.8 mbar and 1.2 mbar respectively. Both these gases may potentially
absorb in the UV region. From this information and the universal gas law, we can determine
the proportion of radiation absorbed by oxygen and nitrogen and calculate the fraction, Iλ/I0,λ,
which will reach the sample, using the Beer-Lambert Law (equation 2.7), where
Iλ
I0,λ
= e−σλNl (3.1)
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and:
σλ = Absorption cross section for O2 = 0.6× 10−18cm2 [117]
or
σλ = Absorption cross section for N2 =  0.6× 10−18cm2 [117]
l = Distance between lamp and sample = 8.5 cm
N = Particle concentration
At wavelengths below 100 nm, molecular nitrogen is considered to have a much smaller absorp-
tion cross section than molecular oxygen, a view corroborated by the very small concentration
of atomic nitrogen in the atmosphere compared to the concentration of atomic oxygen [117].
For our calculations, absorption cross sections for nitrogen were considered at values of 1% and
10% of that for oxygen. The results show that approximately 14% of the light produced by the
lamp is absorbed by oxygen through a distance of 8.5 cm at an oxygen partial pressure of 1.2
mbar (figure 3.1). In the case of nitrogen, the impact is much lower with 2.2% of light being
absorbed when σ = 0.06 × 10−18 cm2. For σ = 0.006 × 10−18 cm2, absorption by nitrogen is
negligible at 0.2%.
Figure 3.1: Attenuation of light through a distance of 8.5 cm from the xenon excimer lamp by
oxygen and nitrogen
66 Chapter 3. Determining the Mechanism of Oxide Formation
Therefore, photonic dissociation of bonds is indeed a plausible route to oxide formation and
its impact will be greatest at the very surface of the precursor film where the light is incident.
It is reasonable to assume that photon-assisted film removal would occur on a layer-by-layer
basis. Absorption of 14% of the ultraviolet radiation by oxygen molecules suggests that excited
oxygen species may also play a significant roˆle.
When exposed to UV light at 172 nm, oxygen dissociates to form a ground state triplet atom
O(3P) and an excited singlet atom O(1D) (equation 3.2a), the latter of which is highly reactive,
oxidising nearby surfaces. An oxygen atom may also react with two further oxygen molecules
to form vibrationally excited ozone, O3*, via a three-body reaction (equation 3.2b) [118].
hν + O2 −→ O(1D) + O(3P) (3.2a)
O + O2+ O2 −→ O3∗ + O2 (3.2b)
Any of these excited species may interact with the precursor, propagating free radicals through-
out the organic molecules, breaking bonds and facilitating the formation of carbon, nitrogen
and zinc oxides. Crucially, these excited species will react with the phthalocyanine, not only
at the surface, but also, by diffusing between crystallites at grain boundaries, to material be-
low the surface. Since the proposed oxygen-assisted mechanism takes place at multiple sites
including below the top of the film, it is unlikely to result in film removal increasing linearly
with UV irradiation time.
Comparison of a precursor film irradiated with and without oxygen will demonstrate the ne-
cessity of oxygen in film degradation but not the mechanism by which oxide forms. In order to
determine the relative importance of the two possible mechanisms, we can compare the rate at
which two similar precursor films degrade, where one precursor forms a crystalline film and is
therefore subject to both photon and oxygen assisted film removal and the other an amorphous
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film, excluding the possibility of diffusion of excited oxygen species between grains.
Previous work has focused on phthalocyanines [119] and zinc phthalocyanine develops the
process further for fabrication of zinc oxide films, whose crucial roˆle, not only as a replacement
for ITO, was described in chapter 1.1. Therefore, in addition to zinc phthalocyanine as a
precursor, a similar molecule, zinc tetraphenylporphyrin (ZnTPP) which forms amorphous
films due to the inclination of its phenyl rings, was also used (figure 3.2).
Figure 3.2: Precursors: (a) Zinc phthalocyanine and (b) zinc tetraphenylporphyrin
Having determined the absorption of UV light by oxygen and nitrogen, it now remains to
establish the depth to which the radiation will penetrate precursor films as this will affect the
mechanisms by which the film degrades and zinc oxide is formed. Referring again to the Beer-
Lambert Law (equation 2.7), the penetration of radiation through solid films may be expressed
in terms of the absorption coefficient, α, assuming the films are non-reflecting, where
I(y) = I0e
−αy (3.3)
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and:
I(y) = Intensity of light reaching depth y in film
I0 = Total light incident at surface of film
y = Depth inside film
Light is produced by the excimer lamp at 172 nm (7.2 eV) which is beyond the range of much
recent optical data for ZnPc [12,96,120], however, an approximate value from the literature is
α ≈ 3.6×105 cm-1 [121]. ZnTPP has no reported absorption data below 300 nm [122], therefore
it is not possible to calculate the penetration of UV light within a thin film for ZnTPP. The
depth of ZnPc through which 172 nm radiation penetrates is shown in figure 3.3 and suggests
that photon assisted degradation of the ZnPc molecule may also be possible below, not only
at, the surface. However, zinc oxide will only form if oxygen has diffused through to the body
of the film and this may only happen preferentially at crystal boundaries in the first instance.
Figure 3.3: Penetration of light at 172 nm through ZnPc film
Consideration of the absorption spectra for ZnPc [96,97] and ZnTPP [122] suggests that both
films are likely to be absorbing in the VUV region. ZnPc exhibits a peak within the C band at
5.85 eV (212 nm) [97] in addition to a strong absorption between 6.8 (183 nm) and 8.0 eV (155
nm) and although there is little data at wavelengths below 300 nm for films of ZnTPP, vapour
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phase absorption spectra record absorption at 200 nm at a level considerably lower than for
the Q band or Soret peaks [14]. This implies that the penetration depth of UV light through
ZnTPP would be higher than that for ZnPc and that the predominant route for reaction would
be oxygen, rather than photon assisted.
As previously described in Section 1.4.1, when grown by OMBD at room temperature, ZnPc
forms films in the α phase with a structure isomorphic to that of CuPc [92]. The unit cells
occupy a volume of 582.3 A˚3 with one ZnPc molecule per unit cell if considering the structure
reported by Hoshino et al [3] or 2349.8 A˚3 with four ZnPc molecules per unit cell for the
structure reported by Ashida et al [2], the latter giving a volume of 587.5 A˚3 per ZnPc molecule.
Both structures result in 1.7 × 1017 ZnPc molecules per cm2 of 100 nm thick film. Assuming
full conversion of ZnPc molecules to zinc oxide with complete removal of organic fragments, it
is possible to estimate the expected yield of zinc oxide. Zinc oxide crystallises in a hexagonal
structure with two atoms of zinc occupying each unit cell of volume 47.6 A˚3 [123]. Therefore,
assuming the zinc oxide formed by the UV process crystallises in this structure, a 100 nm film
of ZnPc would yield a zinc oxide film of thickness ≈ 4 nm. ZnTPP unit cells occupy a volume of
798.1 A˚3 with 1 ZnTPP molecule per unit cell [4], resulting in a maximum thickness of 3.0 nm.
Electrodes utilising doped zinc oxide as a transparent conducting oxide require a thickness of
approximately 300 - 800 nm [110,124] but careful choice of precursor would allow an increased
yield via the UV method. Furthermore, the oxide produced offers potential uses based on the
change in optical properties effected (chapter 5). Unless otherwise stated, all molecular films
were grown to 100 nm thickness.
3.2 Results: As-Deposited Films
3.2.1 Morphology - Atomic Force Microscopy
AFM images taken of ZnPc and ZnTPP films deposited on silicon clearly define the differing
morphology. ZnPc forms crystallites approximately 40-50 nm in diameter with peak to trough
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distances up to 17 nm giving an RMS roughness (Rq) of 4.6 nm (figure 3.4) whereas ZnTPP
forms an amorphous film with a very low roughness of 0.41 nm and peak to trough distances
never rising above 2 nm (figure 3.5). This contrasting morphology is expected to determine the
relative importance of the photon assisted and oxygen assisted routes as a smooth film such as
ZnTPP will not be subject to oxygen diffusion within the film, at least initially.
Figure 3.4: AFM image, line profile and peak to trough distances of 100 nm ZnPc, as-deposited,
on silicon, RMS roughness of 4.6 nm
Figure 3.5: AFM image, line profile and peak to trough distances of 100 nm ZnTPP, as-
deposited, on silicon, RMS roughness of 0.41 nm
3.2.2 X-Ray Diffraction
X-ray diffractograms of the as-deposited films were recorded and compared with published
data. The XRD results for ZnPc show the film is crystalline with a broadened peak at 2θ =
7.08◦ (figure 3.6a). The powder diffraction patterns of α-CuPc structures are commonly used
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for planar metal phthalocyanines deposited at room temperature on non-interacting substrates.
As ZnPc and CuPc are considered isomorphic, the structural data is a good approximation for
ZnPc and are also shown in figure 3.6a [2], [3], [91].
Looking more closely at the 5 - 10° region (figure 3.6b), the peak seen in as-deposited ZnPc does
not appear in either of the powder diffraction patterns determined by Hoshino [3] or Ashida [2].
The breadth of the peak suggests that diffraction may be taking place from both the (100)
and (001) or (200) and (002) planes, therefore it is uncertain which molecular arrangement the
molecules have taken.
(a) (b)
Figure 3.6: XRD scans of (a) 100 nm ZnPc as-deposited on silicon, the substrate and powder
diffraction patterns for α CuPc from crystallographic data by Ashida [2] and Hoshino [3], (b)
from 5 - 10° of 100 nm ZnPc as-deposited on silicon and powder diffraction patterns for α CuPc
from crystallographic data by Ashida [2] and Hoshino [3]
The two possible molecular arrangements are shown in figure 3.7 and the diffracting planes
parallel to the substrate, indicated by the solid black line. For each of these possible orientations,
the phthalocyanine molecules lie approximately perpendicular to the substrate with the planes
parallel to the silicon surface. Using Bragg’s law, the peak at 2θ = 7.08° gives an interplanar
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distance, d, of 1.25 nm, which is close to the two longest cell lengths for both arrangements.
Furthermore, the data agrees with ZnPc films deposited by thermal evaporation which have
been shown to crystallise at room temperature with the (200) plane parallel to the substrate
[125], corresponding to a single peak at 6.8° and d = 1.3 nm. There are many other polymorphs
for phthalocyanines, including the stable β polymorph which does produce a peak at 7.04° for
the (100) plane [126], however, this arrangement is achieved at higher deposition temperatures
over 200°C and the films grown here were deposited at room temperature and are therefore
unlikely to be comprised of this polymorph [127].
The silicon peaks at approximately 33° in XRD results from the silicon substrate and the
as-deposited ZnPc (figure 3.6a) differed by 0.049°. If due to instrumental error, the shift at
lower angles would be correspondingly smaller and thus not sufficient to explain the difference
between the peak measured at 7.08° and those seen in published data. However, whichever
α phase modification the ZnPc molecules have taken (figure 3.7), in neither configuration are
they parallel to the substrate which may influence the method by which zinc oxide is formed.
(a) (b)
Figure 3.7: Arrangement of phthalocyanine molecules in (a) the orientation determined by
Ashida [2] and (b) the orientation determined by Hoshino [3], observed edge-on, along the
diffraction planes (002) and (001) respectively, parallel to the substrate. The other diffracting
planes, (200) and (100) are indicated in pink
Zinc tetraphenylporphyrin is known to crystallise in the triclinic system when unsolvated crys-
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tals of ZnTPP are first dissolved in chloroform, filtered and benzene layered on the surface and
left for 3 days. The triclinic crystals are then deposited on the bottom of the container [4]. The
powder diffraction pattern reported from these data is shown in figure 3.8 with XRD data for
100 nm ZnTPP films grown here and the silicon substrate.
Peaks corresponding to diffracting planes, including the (010) and (100) planes are seen in
the published powder diffraction pattern but there are no peaks visible in the data from our
films. Therefore, the ZnTPP films are amorphous in nature, in agreement with the amorphous
appearance seen in the AFM images (figure 3.5).
Figure 3.8: XRD scan of 100 nm ZnTPP as-deposited on silicon, the substrate and of the
powder diffraction pattern for triclinic ZnTPP from crystallographic data by Scheidt [4]. The
silicon peak has been shifted approximately 1° towards zero in the ZnTPP film which may be
a result of instrumental error due to sample alignment.
3.2.3 UV-Visible Absorption Spectra
The optical absorption spectrum is useful for understanding the electronic structure and al-
lowed transitions of phthalocyanines and tetraphenylporphyrins. Figure 3.9 shows the UV-
visible absorption spectrum of ZnPc deposited on glass (corrected for substrate contribution).
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Phthalocyanines exhibit optically allowed transitions in their spectra of which the Q band and
the B (Soret) band are of the most interest [11]. The Q band and the B or Soret band are
indicated in the figure with the transitions which result in the absorption seen. As the lowest
energy transition, the peak at 706 nm in the Q band is the result of a transition from the high-
est occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO),
i.e. a pi − pi∗ transition, with the higher energy peak at 621 nm due to coupling with vibra-
tional modes within that transition. However, there are alternative interpretations of the Q
band transitions which suggest that the peak at 706 nm is instead due to vibrational contribu-
tions [13]. Yet others attribute consider it an excitonic peak and the peak at 621 nm as the first
pi − pi∗ transition on the phthalocyanine macrocycle [96]. In addition, Yoshida advocates an
interpretation based on Davydov splitting due to permitted transitions when considering the
relative alignment of the monomer dipole moments in a dimer model for differing orientations
of intermolecular interactions as opposed to vibrational components [98].
In our spectra, peak positions of the main Q band and B band at 621 and 332 nm respectively
agree well with those documented in literature at 621 nm and 355 nm [96].
Figure 3.9: UV-visible absorption spectrum of 100 nm ZnPc as-deposited on glass, corrected
for substrate
Similarly, the optical absorption spectrum of as-deposited ZnTPP on glass was recorded (fig-
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ure 3.10) and corresponds well with values quoted in the literature for the β (Q) band at
approximately 552 nm and the Soret (B) band at 432 nm with the S0 to S1 transition at
approximately 640 nm [14,122].
Figure 3.10: UV-visible absorption spectrum of 100 nm ZnTPP as-deposited on glass, corrected
for substrate
As the Beer-Lambert law (equation 2.7) may be used to relate absorbance to the thickness of
a film in the absence of reflectance, absorption spectroscopy presents a convenient method for
measurement of the amount of precursor film remaining after UV treatment. To facilitate this,
spectra were recorded from films of different thickness and the area under the Q band integrated
to obtain a calibration curve for absorption spectra of both ZnPc and ZnTPP. As the Soret
band comprises many transitions and the Q band involves two main electronic transitions, the
latter presents a better region for integration.
To calibrate film thickness, any possible variation in integrated areas of equivalent films was
determined. Samples were grown on substrates fixed across the whole of the OMBD substrate
holder (figure 3.11a) and the variation in the area integrated under the Q bands of these films
(figure 3.11b) used as the maximum possible error on the area of any future samples. The value
for the error on areas under the Q band thus obtained was 1.7%.
76 Chapter 3. Determining the Mechanism of Oxide Formation
Figure 3.11: (a) Layout of samples on the OMBD substrate plate for thickness error estimation
and (b) UV-vis spectra of ZnTPP films deposited at positions 1 - 9 on the OMBD substrate
plate with area of integration indicated
Film thickness was determined by measurement of line profiles taken from AFM images of films
which had been scratched to expose the substrate. Line profiles of the film shown in figure 3.12
yielded an average thickness of 99 ± 3 nm. This value was then used to modify the OMBD
tooling factor ensuring that all subsequent thicknesses given by the quartz crystal monitors
were accurate.
Figure 3.12: Determination of film thickness (a) AFM image of scratch on 100nm ZnPc film,
(c) line profiles to determine depth. Peaks seen on either side of the scratch in the line profiles
are due to build up of material when the film was marked.
Absorption spectra of 20 nm, 50 nm and 100 nm were taken and the area under the Q band
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from 500 to 700 nm was integrated and used to generate a calibration curve, relating film
thickness linearly to area (figure 3.13). This relationship was subsequently used to determine
the percentage of ZnPc or ZnTPP film remaining on films which had been subjected to the UV
process and as the system had been calibrated following thickness measurements, the error in
thickness was neglected. For ZnPc, the area between 500 - 900 nm was taken as the Q band.
Figure 3.13: Area under the Q band plotted against against film thickness for ZnTPP
Finally, to verify the validity of this approach which considers absorbance only, reflectance spec-
tra were taken of both ZnPc and ZnTPP using an integrating sphere. Absorbance is calculated
using the transmittance of a sample (equation 2.3) and this clearly neglects any reflectance,
attributing any decrease in the light detected through a sample to its absorption. Reflectance
is a sum of two phenomena, diffuse and specular reflectance. The latter is generally consid-
ered mirror reflection and the angle of incidence is equal to the angle of reflection. Diffuse
reflectance, however, occurs when a surface is rougher and light may be reflected in any direc-
tion. When using an integrating sphere, it is possible to measure either of these or both as
the total reflectance and it was found that diffuse reflectance was negligible for both ZnPc and
ZnTPP due to any imperfections in the surfaces of the films being of smaller order than the
wavelength of light used (figure 3.14).
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Figure 3.14: Diffuse, specular and total reflectance measured using an integrating sphere for
(a) 100 nm ZnPc and (b) 100 nm ZnTPP
What is apparent from figure 3.14 is that reflectance is clearly not negligible and may have an
effect on the absorbance calculated. For ZnTPP, in particular, reflectance reaches over 45%
in the Soret band and should therefore be taken into account. To do so, absorptance must
be compared to absorbance within the Q band to determine whether it is a valid approach
to calculate the thickness of film by integration of the Q band when using absorbance only.
Absorptance, A, is the fraction of incident radiant flux absorbed by a surface and is given by
equation 3.4.
A =
I0 − T −R
I0
(3.4)
For ZnPc (figure 3.15a), both absorbance and absorptance measurements result in very sim-
ilar profiles. In contrast, the absorptance deviates considerably below 400 nm for ZnTPP
(figure 3.15b). As this region does not affect Q band calculations, it is disregarded for our pur-
poses. It is important to note that for both films, the profiles for absorptance and absorbance
are very similar in the regions indicated used to determine the film thickness. Therefore, ab-
sorbance measurements will be used to determine thickness of film remaining and the validity
of this approach verified again with a selection of irradiated films later (section 3.3.3).
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Figure 3.15: Absorbance and absorptance for (a) 100 nm ZnPc and (b) 100 nm ZnTPP with
Q band regions indicated
3.2.4 X-Ray Photoelectron Spectroscopy
Zinc Phthalocyanine As-Deposited
X-ray photoelectron spectroscopy (XPS) spectra of 100 nm ZnPc deposited on silicon are shown
in figure 3.16 and the peaks of interest are indicated in the survey spectrum (figure 3.16a).
Data recorded for the survey spectrum yielded atomic ratios for C:N:Zn as 30:4:1 which gives
approximately the correct C:Zn ratio expected from the chemical formula, C32H16N8Zn, for
ZnPc but there appears to be some depletion of nitrogen. A total of three passes were made
for the survey spectrum and it is likely that additional passes would improve the ratio.
There are three peaks easily distinguished in the C 1s region (figure 3.16b). Of these, the peak
of lowest binding energy, labelled C1 (284.3 eV), corresponds to the signal produced by the
24 aromatic carbons in a phthalocyanine molecule [128] and agrees with the value reported at
284.9 eV [129]. The peak with higher binding energy, C2 (285.7 eV) is identified as the peak
published in the literature at 286.3 eV [129] and is attributable to the 8 carbon atoms bonded
to nitrogen atoms within the pyrrole units [128].
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Figure 3.16: XPS spectra of ZnPc as-deposited: (a) survey spectrum, (b) carbon 1s, (c) nitrogen
1s, (d) zinc 2p, (e) oxygen 1s and (f) silicon 2p. Experimental spectra are shown in black.
The areas of C2 to C1 would therefore be expected to form a ratio in the region of 1/3, however,
the experimental spectrum gives a ratio of 1/2. This may be due to surface contamination [128]
as the samples were exposed to air prior to measurement. Furthermore, C1 and C2 are both
likely to result in shake-up satellite peaks which occur when a departing photoelectron loses
energy to the ion it leaves behind. The energy is transferred to a valence electron, promoting
it from an occupied energy level to an unoccupied energy level and the reduced kinetic energy
of the photoelectron is expressed as a peak with higher binding energy. C3 (287.6 eV) is the
satellite peak formed by C2 photoelectrons, in approximate agreement with reported values of
288.3 eV [129, 130] but the satellite peak due to C1 appears very close to C2, making peak
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resolution more difficult and increasing the C2/C1 area ratios as seen in the results for this
sample [128]. The satellite peak C3 at 287.6 eV appears at a binding energy 1.9 eV higher
than the main pyrrole peak in agreement with a satellite peak seen in ZnPc at 1.96 eV from
its main peak, reported in the literature [130] and corresponds to energy lost to a pi − pi∗
transition. Comparison with the peak energies in the Q band observed in the absorption
spectrum (figure 3.9) suggests that the C3 satellite peak most likely corresponds directly to the
HOMO - LUMO transition indicated by the absorption peak at 621 nm, equivalent to 2.0 eV.
Binding energies measured for C1s peaks all fall slightly short of those published, however, the
position of the satellite peak due to pyrrolic carbons with respect to the main pyrollic peak is
in very close agreement and the overall peak shape matches that seen in literature, suggesting
that the shift in binding energies observed is due to sample charging or an instrumental error.
Indeed, this instrumental shift is reflected in the remaining spectra.
Zinc phthalocyanine contains two types of nitrogen atoms with subtly differing environments.
Of these, four are in the pyrrole units and four are bridging atoms. The charges surrounding
these two types are very similar, resulting in peaks which are not easily resolved [131], however,
the nitrogen 1s spectrum obtained (figure 3.16c) shows a peak at 398.5 eV and a smaller
shoulder at 400.1 eV with a difference, ∆E = 1.6 eV, similar in magnitude to that produced by
a shake-up satellite in the C1s spectrum. Furthermore, such second smaller peaks have been
reported at binding energies of approximately 1.5 and 1.8 eV higher than the main peak in
CuPc and interpreted as satellite peaks [128], [132], confirming that the N1s spectrum for ZnPc
has a single peak accompanied by a satellite.
The Zn 2p3/2 and Zn 2p1/2 peaks appear at 1021.9 and 1044.9 eV respectively (figure 3.16(d)),
with the 2p3/2 peak close to that measured at 1022.2 eV on copper substrates [131]. As the
equivalent 2p3/2 peak in zinc oxide thin films appears at between 1021.72 - 1022.4 eV [133], [134]
and as detection of zinc was no guarantee of oxide formation, the Zn 2p spectra were used purely
for quantification and not for detailed chemical analysis after UV treatment.
The oxygen spectrum shows a poorly defined broad peak centred near 532.2 eV. Oxygen 1s
peaks on copper phthalocyanine have been demonstrated to be largely due to adsorption of
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water vapour [135]. As the ZnPc films were exposed to air prior to analysis, the presence of the
oxygen peak may be attributed to the same contaminant. Although the vacuum within an XPS
chamber will remove a proportion of surface water, it has clearly not been entirely eliminated.
As the oxygen signal is a crucial indicator for the formation of zinc oxide, as-deposited films
of ZnPc were briefly etched using an argon sputter beam within the XPS chamber and spectra
remeasured to determine whether this would eliminate the problem of oxygen already present
in the surface.
Figure 3.17: XPS spectra of ZnPc before and after etching: (a) carbon 1s, (b) oxygen 1s, (c)
nitrogen 1s
The sample was etched for five seconds using an argon sputter beam with mid-current at 3 keV
and key spectra are shown in figure 3.17. Despite the expectation that surface etching would
remove adsorbed water, there has been no reduction in the O 1s signal (figure 3.17(b)) although
there have been significant changes in the C 1s and N 1s spectra shown in figures 3.16(a) and
(c) respectively. There is loss of resolution in both spectra and individual peaks attributable
to the different bonds within the phthalocyanine molecule are no longer distinguishable. This
suggests that damage to the molecule has occurred and that etching in the conditions associated
with this XPS experiment is an inappropriate approach for this material. This is particularly
true when investigating UV treated films as the surface will be most indicative of the degree of
oxide formation.
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Zinc Tetraphenylporphyrin As-Deposited
As deposited films of ZnTPP were similarly characterised using XPS (figure 3.18). The survey
spectrum yielded atomic ratios of 19:2:1 for C:N:Zn. As the chemical formula for ZnTPP is
C44H28N4Zn, the C:N ratio is approximately correct, but there is a higher percentage compo-
sition of zinc than is expected which may be improved by further passes. As with ZnPc, there
are two carbon 1s peaks, that due to aromatic carbons, C1, and that due to carbons bonded to
nitrogen atoms, C2. C1 appears at 284.3 eV and C2 at 287.4 eV. Shake-up satellite peaks are
also visible with that for C2 clearly identifiable at 291.3 eV (C3). As with ZnPc, the satellite for
C1 lies in the same region as C2, making it difficult to resolve, although here, it is just possible
to distinguish a peak for the satellite of C1 at 286.4 eV at ∆EC1 = 2.1 eV from the main peak,
shown in green in figure 3.18b. C3, the satellite for C2 lies at an energy ∆EC2 = 3.9 eV higher
than its main peak which would correspond to a transition in the Soret band of the absorption
spectrum (figure 3.10) and appears at a higher binding energy than that of the satellite peak,
C3 in ZnPc. The binding energy for the C1 peak agrees with that reported in the literature to
within 0.3 eV [136] and satellites for the peak corresponding to pyrrolic carbon atoms have been
reported at ∆E = 2.9 eV from the main peak in copper tetraphenylporphyrin [128] suggesting
that the peak C3 seen here is indeed a satellite as described.
The molecular structure of ZnTPP (figure 3.2) includes 36 carbon atoms of aromatic character
which produce peak C1 and 8 which are bonded to nitrogen atoms, producing the higher energy
peak, C2 which would be expected to produce a ratio for C2:C1 of 2/9. However, the spectrum
shown in figure 3.18b yields a ratio of C2:C1 of 2/44 indicating that either the peaks have been
fitted incorrectly or that C1 is a composite peak including peaks attibutable to those bound
to nitrogen. The latter seems likely as the FWHM for the C1 peak is 1.43 eV compared to the
FWHM for the C1 peak seen in ZnPc which is considerable smaller at 1.00 eV (figure 3.16b).
This would then suggest that the peaks seen at 287.4 and 291.3 eV are satellite peaks as
reported for copper tetraphenylporphyrin [128].
In contrast with the phthalocyanine, all nitrogen atoms in zinc tetraphenylporphyrin inhabit the
same environment and therefore present a single peak at 398.2 eV (figure 3.18c) falling between
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the binding energies reported in the literature for nitrogen at 397.8 eV [136] and 398.7 eV [137]
with a satellite peak at a binding energy 3.0 eV higher than the main peak. As for the carbon
1s spectra, ∆E for the nitrogen satellite peaks of ZnTPP is higher than that for ZnPc.
Figure 3.18: XPS spectra of ZnTPP as-deposited: (a) survey spectrum, (b) carbon 1s, (c)
nitrogen 1s, (d) zinc 2p, (e) oxygen 1s and (f) silicon 2p. Experimental spectra are shown in
black.
As with ZnPc, the oxygen 1s spectrum contains only one peak which is again poorly defined
and centred around 532.3 eV (figure 3.18e), suggesting adsorption of water vapour. Negligible
silicon was present at the surface of both ZnPc (figure 3.16f) and ZnTPP (figure 3.18f) as
expected since in neither case was the substrate exposed and silicon would only be present as
a contaminant encountered through handling procedures.
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For both ZnPc and ZnTPP, the carbon 1s signal is well-defined with a high intensity, therefore,
the XPS spectrum of carbon may be used to monitor removal of the organic fragments formed
as UV degradation of the precursor progresses. Similarly, formation of zinc oxide may be
estimated by the increase in the intensity of the oxygen 1s peak. Measured experimental values
of binding energy and those from literature are summarised in table 3.1.
Table 3.1: Binding energies (eV) for ZnPc, CuPc, ZnTPP and ZnO from the literature and
experimental results
Sample Zn 2p C 1s C 1s
Satellites
N 1s N 1s
Satellites
O 1s
ZnPc on indium
antimonide [129]
284.9
286.3
286.7
288.3
399.1 401
ZnPc on zinc sul-
phide [130]
285.07
286.43
286.92
288.39
ZnPc [131] 1022.2
CuPc on metal
[132]
284.8 399
CuPc on copper
[128]
284.8
286.2
288.5 399.2 400.7
ZnPc
(experimental)
1021.9
1044.9
284.3
285.7
287.6 398.5 400.1
ZnTPP on silver
[137]
1022 398.7
ZnTPP on gold
[136]
1021.5 284.0 397.8
ZnTPP on copper
[131]
1022.2 398.6
ZnTPP
(experimental)
1022.3
1045.4
284.3
287.4
286.4
291.3
398.1 401.1
ZnO from zinc
acetate [134]
1021.22
1044.85
529.32
ZnO crystal [133] 1022.4 531.3
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3.2.5 Secondary Ion Mass Spectrometry
SIMS depth profiles were taken of as-deposited films of ZnPc and ZnTPP on silicon using an
O+2 primary sputter beam at 500 eV over an area of 300µm x 300 µm. Positive fragments were
analysed using a Bi3
+ beam within a sampling area of 100µm x 100µm and at three shots per
pixel. No electron floodgun was required for charge compensation.
Zinc Phthalocyanine As-Deposited
Figure 3.19: SIMS depth profile of ZnPc film, as-deposited
The depth profile of ZnPc is shown in figure 3.19. Carbon (C+) and zinc (Zn+) ions are detected
with stable intensity throughout the depth of the film as would be expected. A small amount
of ionised ZnPc is evident at the beginning of the depth profile but its intensity quickly reduces
to zero due to repeated impact by primary ions, some of which penetrate below the surface,
resulting in collision cascades which fragment the precursor molecule. Zinc oxide ions (ZnO+)
are present at an approximate intensity of 10 counts/s through the depth of as-deposited film.
Oxygen is known to enhance the yield of positive ions such as Zn+, however, due to interaction
of the O+2 ion beam with the zinc in the film, not only is the yield of Zn
+ increased, but zinc
oxide is formed, further enhancing the intensity of Zn+ and also resulting in the detection
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of ZnO+ [138]. Silicon detected at the surface is likely to be due to handling and storage
procedures as both the sample holders and gloves used contain silicon.
The steep increase in the silicon signal is a clear indication that the sputter beam has encoun-
tered the substrate. Further evidence of this is the slight increase in the yields of C+ and Zn+
ions. The density of silicon is approximately 2.33 g/cm3 [139], considerably greater than that
of ZnPc at 1.6 g/cm3 [140]. Consequently, as sputtering progresses and atoms are embedded
into layers below the level they originate from, there is a build up of C+ and Zn+ ions when
the beam meets a material of higher density such as silicon. Further embedding of atoms is
inhibited by the increased density and a peak in the intensities of C+ and Zn+ signals is ob-
served. The position of the interface may be determined by examining the intensity of silicon
and is often set at the point where the Si+ intensity is half that of its maximum. Following
this method for this depth profile would position the interface beyond the peak of C+ and Zn+
intensities which does not agree with the observed changes which have taken place and depend
on the relative densities of material. In addition to a build up of ions at the interface, intensities
of positive ions at the interface may be enhanced due to the interaction of the oxygen beam
with the native silicon oxide layer on the substrate surface.
Depth profiles are recorded as the intensity of ions against sputter time. For as-deposited films,
the thickness has been measured using either AFM or a profilometer as shown in section 3.2.3.
Assuming the film is homogeneous throughout, conversion to sputter depth as shown in fig-
ure 3.19 is simply a matter of determining when the substrate has been reached in the SIMS
profile which is clear from the steep increase in the intensity of Si+ ions and the peak in C+
and Zn+ ions.
For as-deposited ZnTPP, the results are similar (figure 3.20). Once equilibrium has been
reached, the intensities of C+ and Zn+ are stable, indicating homogeneous film deposition.
The yield of C+ ions is approximately 1000 counts/s as for ZnPc, however, the yield of Zn+
ions is less than half that of ZnPc. One obvious explanation is the density of zinc atoms for
each material. The chemical formulae are C32H16N8Zn for ZnPc and C44H28N4Zn for ZnTPP,
giving ratios of Zn:C of 1/57 and 1/77 respectively. This alone would result in a reduced yield
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of Zn+ions. In addition, matrix effects are likely to contribute to the difference in yield and
there is no reason they should be equal.
Figure 3.20: SIMS depth profile of ZnTPP film, as-deposited
As for ZnPc, the entire ZnTPP molecule does not survive ion sputtering and there is no detec-
tion of the molecular fragment at all. Although there should be no zinc oxide present in the
film, ZnO+ ions are also detected here due to interaction with the oxygen beam but at lower
intensity than for ZnPc. The silicon interface is also easily defined in ZnTPP as the silicon
intensity rises steeply, coinciding with a temporary peak in the C+ and Zn+ intensities. The
interface has been indicated by a vertical dashed line and the data converted to show intensity
as a function of depth as for ZnPc.
3.3 Results: UV Treated Films
Films grown by OMBD were placed on a sample holder in the vacuum chamber at a distance
of 8.5 cm from the excimer lamp. The chamber was evacuated to a pressure of approximately
2 × 10−2 mbar and the pressure maintained for a minimum of 30 minutes before introducing
nitrogen into the chamber allowing the pressure to reach 1.8 mbar. Once the pressure was stable,
oxygen was also released into the chamber until a total pressure of 3.0 mbar was reached, giving
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a partial pressure of oxygen of 1.2 mbar. The vacuum pump remained on, ensuring a continually
renewed supply of nitrogen and oxygen. The UV lamp was operated for the period required,
following which, the oxygen flow was reduced to zero and the nitrogen flow used to flush out
any remaining organic fragments and ozone which might remain in the chamber before venting.
Samples were removed for characterisation or for storage in a glovebox. One sample of ZnPc
was irradiated for 90 minutes in standard conditions and one in 3.0 mbar of nitrogen only and
their absorption spectra recorded to determine the necessity of oxygen to the process.
3.3.1 Morphology - Atomic Force Spectroscopy
Zinc Phthalocyanine Following UV Treatment
Figure 3.21: AFM images and line profiles of ZnPc after (a) 0, (b) 50 and (c) 90 minutes of
UV treatment
During UV degradation, ZnPc largely retains its morphology and crystalline appearance (fig-
ure 3.21) with no significant change in peak to trough distance. There is a steady increase in
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the size of features which is evident in the line profiles taken of ZnPc films after 50 and 90
minutes (figures 3.21b and c). This is accompanied by an increase in roughness (figure 3.22)
from 2.6 nm to close to 6 nm. The change in roughness appears to follow a linear relationship
with UV treatment time.
Figure 3.22: RMS roughness of ZnPc samples after UV treatment
Particle size analysis was carried out using Gwyddion Open Source software and a watershed
algorithm with a drop size of 1% of the local minimum value, 10 steps and a threshold of
3 pixels2. Segmentation was carried out with a drop size of 1% and 10 steps (figure 3.23).
Data plotted in the histograms demonstrates an increase in the average particle size and in
the distribution of particle sizes as the UV process takes place with particle radii ranging from
1 nm to 16 nm after 80 minutes, whereas the untreated film contained particles whose radii
varied between 1 and 9 nm. This is easily seen from the AFM images (figure 3.21) where the
as-deposited film has uniformly sized grains. The increasing size distribution leads to a gradual
increase in Rq. The greater range of grain size in treated films may be due to a combination of
factors including gradual erosion of grains to produce smaller particles, the formation of zinc
oxide on the surface of particles which may prevent further reaction and possible diffusion of
ZnPc molecules to form larger grains. In the case where a grain of ZnPc absorbs energy from
an exited oxygen species or a photon but only some molecules fragment, there may be sufficient
residual energy to allow molecules to diffuse laterally and recrystallise into larger grains. In
addition, as some grains are eroded, others below which may be larger are exposed.
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The table 3.2 summarises grain statistics for ZnPc, demonstrating clearly a reduction in par-
ticle number accompanied by an increasing average grain size. The approximate doubling of
the variation from 50 to 80 minutes yielded by the grain analysis demonstrates a degree of
unreliability in software generated results as the AFM images themselves do not portray such a
high proportion of particles within the 1-2 nm range and this is reflected in the line profiles of
the images themselves (figure 3.21) which also indicate a gradual increase in grain size. Hence,
conclusions may not be drawn from the grain size analyses in isolation. Whether the grains are
formed of ZnPc, a combination of oxidised precursor fragments, zinc oxide or a combination
thereof may be determined by spectroscopic and chemical analysis in subsequent sections.
Figure 3.23: Grain size distribution for ZnPc films, as-deposited and after 50 and 80 minutes of
UV treatment, with a distribution overlay and identified grains indicated in the AFM images
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Table 3.2: Comparison of particle distribution for ZnPc
As deposited 50 minutes 80 minutes
Number of particles 642 501 409
Average grain diameter (nm) 10.5 12.3 14.0
Standard deviation (nm) 1.6 1.8 3.8
Coefficient of variation (%) 15 15 27
Zinc Tetraphenyporphyrin Following UV Treatment
Figure 3.24: AFM images and line profiles of ZnTPP after (a) 0, (b) 90 and (c) 220 minutes of
UV treatment
In contrast with ZnPc, the ZnTPP films underwent a dramatic change during UV treatment,
clearly visible in the AFM images (figure 3.24). The as-deposited film lacked features with
peak to trough distances averaging below 1 nm (figure 3.5) and a roughness, Rq = 0.41 nm.
However, as photodegradation progressed, features formed at the 75 - 105 minute stage giving
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the appearance of grains. Peak to trough distances increased to in excess of 10 nm at 90
minutes before decreasing to approximately 4 nm after 220 minutes, at which point there was
little evidence of grainy features (figure 3.24c).
Figure 3.25: RMS roughness of ZnTPP samples after UV treatment
The appearance of grains was accompanied by an increase in roughness, peaking at over 4 nm
after 90 minutes of treatment, coinciding with a peak in grain number density (figure 3.25).
Whether the precursor is forming crystalline grains or this is an effect of roughening by photon
and oxygen attack will be determined from the XRD results (3.3.2).
The same watershed algorithm applied to ZnPc was used to analyse grain distribution in ZnTPP
films (figure 3.26). The disc radius histograms indicate the formation of larger features corre-
sponding to the grain-like structures seen at 90 minutes and a high number of features below
5 nm in radius identifying imperfections as for as-deposited film. The algorithm applied with
the parameters given will correctly analyse the distribution of convex or near-convex particles.
The as-deposited film was amorphous with very little variation in height implying that any
features detected are not crystalline structures, as the XRD results have confirmed (figure 3.8),
but may be a result of film imperfections or impurities and therefore not convex features as
required. Similarly, once fully degraded, the algorithm will not apply as the film again exhibits
a low surface roughness. However, the particle analysis at 90 minutes does concur with not only
the appearance of the AFM image but also with roughening caused by oxygen and UV attack.
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The broad distribution of particle size contributes to the sudden increase in Rq. Roughening
caused by oxygen and UV mechanisms will be further investigated in later sections by XRD
and SIMS.
Figure 3.26: Grain size distribution for ZnTPP films, as-deposited and after 90 and 220 minutes
of UV treatment, with a distribution overlay and identified grains indicated in the AFM images
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3.3.2 X-Ray Diffraction of UV Treated Films
Figure 3.27: XRD scans for ZnPc on glass for 0, 20, 40 and 80 minutes of UV treatment. Scans
are offset for clarity
XRD scans of ZnPc show a decrease in the peak intensity at 7° as the reaction proceeds and a
slight positive shift of up to 0.2° at 60 minutes (figure 3.27). The peak at 60 minutes is close
to the higher angle peak for the α modification when lying in the (002) (or (001)) plane [2, 3],
but it is unlikely that ZnPc has undergone the 90° rotation which would be required to achieve
such an orientation. Much more likely is an instrumental shift. As these samples were grown on
glass, there is no silicon peak with which to calibrate the diffractograms, however, the reduction
in peak intensity demonstrates a gradual loss of ZnPc crystalline structure with increasing UV
irradiation time. The absorption spectra will determine whether any ZnPc molecules remain
intact or whether the film has merely lost sufficient order that there are no diffracting planes.
As the deposited ZnTPP films were amorphous, there was no discernible change in the XRD
scans as UV time was increased (figure 3.28). In both ZnPc and ZnTPP, there were no new
peaks after UV treatment which might have indicated the formation of crystalline zinc oxide.
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Figure 3.28: XRD scans for ZnTPP on glass for 0, 30, 60, 90 and 105 minutes of UV treatment.
Scans are offset for clarity
There were no new peaks detected which might indicate the presence of zinc oxide. This is not
unexpected as 100 nm films of ZnPc and ZnTPP are expected to form no more than 4 nm of
zinc oxide. For detection by XRD, crystallite size must be in the order of 20 nm.
3.3.3 UV-Visible Absorption Spectra of UV Treated Films
Absorption spectra recorded for as-deposited ZnPc and ZnTPP films irradiated for 90 minutes
in either standard conditions or nitrogen only show that oxygen is crucial to the reaction
(figure 3.29). Using the principle stated in section 3.2.3, integration of the Q band (500 - 900
nm) gives an indication of the percentage of intact molecules remaining within film. In the case
of the film exposed to UV light in standard conditions, less than 1% of the original film remains,
whereas when irradiated in nitrogen only, 52% of the film remains. Therefore, although UV
light will result in film degradation, oxygen is highly important to increase the rate at which
the film degrades and will be necessary for the formation of oxide. Having established the
necessity of oxygen to the reaction, comparison between ZnPc and ZnTPP may elucidate the
mechanism by which the reaction proceeds.
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Figure 3.29: Absorption spectra of 100 nm ZnPc as-deposited and irradiated for 90 minutes, in
standard conditions and in nitrogen only
Absorption spectra were recorded for both ZnPc (figure 3.30a) and ZnTPP (figure 3.31a) films
to determine the rate at which precursor molecules were removed during UV treatment.
(a) (b)
Figure 3.30: (a) Absorption spectra of UV treated ZnPc films and (b) photograph of samples
in increasing order of irradiation in UV light (samples typically of size 1 cm2)
The results for ZnPc (figure 3.30) show that absorption by ZnPc decreases with increasing UV
exposure and that the peak in the Q band at 621 nm begins to shift to higher wavelengths
after 40 minutes but that the peak at 706 nm, corresponding to pi − pi∗ transitions remains at
the same wavelength. The peaks in the Soret region also remain unshifted and the ZnPc has
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been almost completely removed by 90 minutes. The change in the spectra is accompanied by
a decrease in the blue colour of the film (figure 3.30b).
The absorption spectra for ZnTPP (figure 3.31a) also show decreasing absorption as UV expo-
sure is increased with a simultaneous loss of colour from the film (figure 3.31b). The position of
the highest peak in the Q band at 655 nm, attributed to HOMO - LUMO transitions is stable.
The Soret peak at 432 nm is stable until 75 minutes of UV irradiation have elapsed, when the
peak wavelength increases slightly. The asymmetry in the Soret peak is retained throughout
and no absorption by ZnTPP is detected beyond 150 minutes.
(a) (b)
Figure 3.31: (a) Absorption spectra of UV treated ZnTPP films and (b) photograph of samples
in increasing order of irradiation in UV light (samples typically of size 1 cm2)
As stated in section 3.2.3, the area under the Q band may be used to determine the percentage
of original film remaining. Integration of the Q band for ZnPc yielded a linear decrease in film
thickness of 1.3 nm/minute (figure 3.32), concordant with the rate at which surface roughness
increased (figure 3.22). Once the film has been irradiated for 70 minutes, the rate of film removal
decreases. One possibility to consider is the formation on the surface of zinc oxide which absorbs
UV light. The maximum thickness of zinc oxide expected to be produced is 4 nm and in the
region of photon energies E = 6.5 eV, the absorption coefficient α, is approximately 8 × 104
cm-1for highly oriented zinc oxide films [64]. Such a 4 nm film of zinc oxide would have a
transmittance of 97% at 172 nm, therefore, the effect of UV absorption by zinc oxide produced
is likely to have only a very small effect.
3.3. Results: UV Treated Films 99
Figure 3.32: Percentage of ZnPc film remaining after UV treatment
Integration of the region under the Q band for ZnTPP revealed two different regimes for the
film remaining as UV irradiation time increased (figure 3.33). The film removal rate was 0.3
nm/minute until 30 minutes after which there was an increase to 1.3 nm/minute until 105
minutes, at which point, the reaction rate decreased again, possibly for the same reasons as
for ZnPc. During the period between 30 - 90 minutes, the rate for ZnTPP was the same as
for ZnPc, suggesting that there may be different reaction mechanisms taking priority in ZnPc
and ZnTPP but that once irradiation has exceeded 30 minutes in ZnTPP, the mechanisms act
similarly for both materials.
Figure 3.33: Percentage of ZnTPP film remaining after UV treatment
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The aim of this project was to elucidate the reaction mechanism by comparison between crys-
talline and amorphous materials and determine the relative importance of the oxygen assisted
and UV assisted routes. The results obtained from absorption spectra suggest that although
initially these two routes exert different degrees of influence on the two films, after 30 minutes
for ZnTPP, both films are subject to oxygen assisted and UV assisted degradation equally. This
will be elaborated upon further in a later section (3.5)
It was suggested earlier that reflectance may be disregarded and absorbance used to calculate
film thickness as shown (section 3.2.3). Reflectance measurements were taken of several irra-
diated ZnPc samples and absorbance and absorptance spectra compared and found to differ
only slightly (figure 3.34). The major difference is that absorbance spectra are non-zero in the
infra-red region. As reflectance measurements show, this is a direct result of calculating the flux
absorbed from the transmittance, rather than taking account of reflectance (figure 3.14). The
area under the Q band was integrated for both sets of spectra and values for irradiated films
expressed as a percentage of as-deposited film to determine the error accrued by not account-
ing for reflectance (figure 3.35). It can be seen that the linear trend derived from absorbance
spectra is repeated in absorptance measurements and values for film remaining are within 10%
of each other, therefore, use of absorbance as a measure of film removal is a valid approach.
Figure 3.34: (a) Absorbance spectra and (b) absorptance spectra for as-deposited and irradiated
ZnPc films
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Figure 3.35: Percentage of ZnPc film remaining calculated by integration of the Q band of
absorbance and absorptance
3.3.4 X-Ray Photoelectron Spectroscopy
XPS data was recorded for ZnPc and ZnTPP samples for increasing UV exposure times. The
peaks were identified by comparison with literature (table 3.1).
Zinc Phthalocyanine Following UV Treatment
Relevant peaks for ZnPc are indicated in the survey spectra with individual XPS spectra shown
for irradiation times of 0 - 90 minutes in 10 minute steps (figure 3.36).
Of the spectra, the silicon Si 2p spectrum is the simplest to analyse (figure 3.36b) as there is no
silicon detected until the film has been irradiated for 90 minutes at which point the substrate
has been exposed and a silicon peak is detected at approximately 100 eV. There is also a very
small increase in intensity observable at 103.3 eV which may be attributed to the formation of
silicon dioxide as the peak for Si 2p in bulk silicon dioxide has been reported at 103.9 eV with
a FWHM of 2 eV [141].
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(a)
(b) (c)
(d) (e)
Figure 3.36: XPS spectra of UV treated ZnPc for (a) survey, (b) silicon, (c) zinc, (d) carbon
and (e) oxygen at 10 minute intervals. The intensities are plotted as measured and are offset
for presentation purposes
The spectra for Zn 2p binding energies (figure 3.36c) show a gradual increase in intensity for
both the Zn 2p1/2 and Zn 2p3/2 peaks which may be explained by the removal of organic
fragments that takes place during the UV process as zinc oxide is formed, resulting in a higher
percentage composition for zinc. There is a slight shift of both peaks to a higher binding
energy at 10 minutes irradiation with the position maintained throughout the remainder of the
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samples. The energy separation between the Zn 2p1/2 and Zn 2p3/2 peaks remains constant
throughout.
The results for carbon 1s initially repeat the results of etching a ZnPc film (figure 3.17) as there
is a loss of resolution between carbon peaks arising from aromatic carbons and those bonded
to nitrogen atoms (figure 3.36d). Furthermore, there is a shift of the highest peak from the
original position of 284.3 eV to higher binding energies corresponding to a shift from aromatic
bonds to aliphatic bonds. As the aromatic bonds are lost, the number of sp2 hybridized orbitals
decreases and sp3 hybridised orbitals form which result in an increase of binding energy. Once
the aromatic bonds break, whether initiated by photon or excited oxygen species, the reaction
proceeds to the carbon-nitrogen bonds which had been identified in the as-deposited film at
285.7 eV (figure 3.16). After 10 minutes of irradiation, the carbon 1s peak has shifted to 284.6
eV, after 40 minutes, 284.8 eV and by 90 minutes to 285.4 eV. This gradual shift to higher
binding energies and the change in the shape of the spectrum from three easily distinguished
peaks to broader peaks less easily resolved would be a result of breaking of aromatic carbon
bonds prior to attack on the pyrollic carbon bonds. This, together with information about
molecular orientation obtained from XRD measurements gives some insight into the manner
by which UV degradation takes place.
The oxygen 1s spectra show a large initial increase in intensity from 0 to 10 minutes as oxygen is
incorporated into the film followed by further gradual increase with very little variation in peak
position (figure 3.36e). There is a slight deviation to lower binding energies at 50 minutes but
this is not retained through the remaining spectra and may therefore be due to a mishandled
sample as the consistency of Zn 2p peaks eliminates the possibility of a systematic shift. The
final binding energy is 532.6 eV. Binding energies involving oxygen have been reported at 535±1
eV for water vapour, 533±1 eV for C=O bonds [135] and 531±1 eV for zinc oxide crystals [133]
(table 3.1) thus it is not entirely clear in which form oxygen exists although water vapour can
be dismissed. It is likely that oxygen exists in the form of both carbonyl groups and zinc oxide.
From the survey spectra, the final Zn:O atomic ratio is 1/2, confirming that oxygen cannot
be present solely in the form of zinc oxide. Yields of ZnO+ ions from secondary ion mass
spectrometry will be useful in determining whether zinc oxide has formed.
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Zinc Tetraphenylporphyrin Following UV Treatment
XPS data for ZnTPP are shown in figure 3.37 for irradiation times of 0, 30, 60, 75, 90, 105,
120, 150 and 220 minutes with relevant peaks indicated in the survey spectra in addition to
individual XPS spectra.
(a)
(b) (c)
(d) (e)
Figure 3.37: XPS spectra of UV treated ZnTPP for (a) survey, (b) silicon, (c) zinc, (d) carbon
and (e) oxygen. The intensities are plotted as measured and are offset for presentation purposes
As with ZnPc, there is negligible silicon detected initially (figure 3.37b). After 120 minutes,
3.3. Results: UV Treated Films 105
however, sufficient degradation has taken place to expose the substrate, whereas silicon was
observed at 90 minutes in ZnPc. The Si 2p peak increases in intensity as further UV irradiation
takes place. There is a significant peak at 103.1 eV in the spectra which are taken after 120
minutes, in contrast to ZnPc where a peak was only just visible at full degradation of the film.
As UV treatment was carried out with ZnTPP for over twice the duration with ZnPc, once the
substrate was exposed, there was an extended period in which the silicon could form its oxide
which would produce a peak in a similar position [141].
The spectra for Zn 2p binding energies indicate an increasing percentage composition of zinc
with no deviation in peak position as for ZnPc, with the exception of the sample exposed for
30 minutes. The peaks were shifted to lower binding energies for this sample from 1045.2 to
1044.5 eV and 1022.2 to 1021.5 eV, suggesting an error in recording the spectrum or a shift
due to handling techniques as the difference in binding energies between the Zn 2p1/2 and Zn
2p3/2 peak was constant. As will be seen below, the 30 minute sample produced anomalous
results for oxygen and should be disregarded as results suggest contamination of the surface.
The carbon spectra differ from ZnPc, mainly due to the ratios of peaks C2:C1 seen in the
as-deposited films (figures 3.16,3.18). Even if the 30 minute sample is disregarded, there is
a slight shift of the peak value to lower binding energies as the reaction time increases. As
carbon is removed from the surface, the intensity decreases and the peak broadens towards
higher energies. The normalised carbon 1s spectra for ZnTPP have been superimposed to
allow further interpretation and are shown alongside those for ZnPc (figure 3.38).
With increasing UV irradiation, we can see more clearly that in the case of ZnPc, as the intensity
of peak C1 decreases, there is a shift from 284.3 eV to higher binding energies, accompanied
by increasing prominence of C2 (figure 3.38a). This agrees with the suggestion that aromatic
carbon bonds are the first to react. What needs further explanation is the appearance of a
peak, C4, in the region of 289.3 eV and a shoulder, C5, next to C2 at 286.6 eV. The difference
between sp2 and sp3 bond energies is in the region of 0.9 eV [142] for amorphous carbon which
suggests that a shift of aromatic to aliphatic bonds is responsible for the change in peak shape
and the appearance of shoulder C5 as a result of damage to pyrollic carbon bonds not aromatic
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bonds. The sp3 bonds which would result from the peak, C1, would be expected to appear at
approximately 285 eV and would therefore be difficult to distinguish from the spectra due to
the presence of a satellite peak for C1 and the peak C2. However, peak C4 does not fall within
the ranges for these bond energies. As it is possible that oxygen has reacted with carbon,
evidence of this should also be sought in the spectra. Carbon 1s peaks have been reported at
286.7 eV for C-O bonds, 288.4 eV for C=O bonds and 289.7 eV for O-C-O bonds [143]. The
latter of these corresponds most closely to the peak C4 at 289.3 eV.
Similarly for ZnTPP, the peak, C1, decreases in intensity, shifting from 284.3 eV to a higher
binding energy of approximately 285 eV (figure 3.37d), with the appearance of a distinct peak,
C4, at 288.7 eV marked in the normalised spectra for ZnTPP (figure 3.38b). The satellite for
C1 appeared at 286.4 eV in as-deposited film but its presence here is obscured by broadening
of the main peak which may be due to the shift from aromatic to aliphatic bonds as for ZnPc.
Peak C4 may be due to either C=O bonds of energy 288.4 eV or O-C-O bonds with energy
289.7 eV [143]. Of these, the former, C=O bonds, seem more likely.
(a) (b)
Figure 3.38: Normalised XPS carbon 1s spectra superimposed for (a) ZnPc and (b) ZnTPP
with peaks for as-deposited film and new peaks marked in black and red respectively
Finally, the oxygen 1s spectra for ZnTPP (figure 3.37e) exhibit peaks at approximately 532 eV,
increasing in intensity as UV treatment progresses. The peaks are symmetrical and remain at
the same binding energy with no perceptible broadening, with the exception of the sample for
30 minutes which exhibited an intensity lower than spectra taken after 0 and 60 minutes. As
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mentioned earlier when analysing the results for zinc, this sample produced spectra which do
not follow the trends shown by all other spectra and should be disregarded. Comparison with
bond energies for water vapour (535± 1 eV), C=O bonds (533± 1 eV) and zinc oxide crystals
(531 ± 1 eV) [135] (table 3.1) leads to the conclusion that oxygen may be present either in
combination with zinc as zinc oxide or with carbon, with the peak arising from a C=O bond,
as for ZnPc. Evidence of zinc oxide will be sought in SIMS data as significant detection of
ZnO+ ions will only occur beyond that produced by beam interaction if zinc oxide has indeed
formed.
3.3.5 SIMS Depth Profiles
SIMS depth profiles were taken of UV treated films as for as-deposited films, using an O+2 pri-
mary sputter beam and a Bi+3 analysis beam with the same area parameters as in section 3.2.5.
Zinc Phthalocyanine Following UV Treatment
Figure 3.39 shows the SIMS depth profile for a ZnPc film irradiated for 90 minutes. Since the
film homogeneity can no longer be relied upon and its composition is unknown, it would be
meaningless to attempt a determination of sputter rate to show the variation of ion intensity
with depth. Although the sputter rate cannot be quantified, the depth profile for fully reacted
ZnPc does still give a very useful indication of the position of ions relative to depth within
the film (figure 3.39). It is noteworthy that there is a high intensity of silicon from the outset
suggesting that the substrate has been exposed through the development of pinholes as the UV
process removes organic fragments from the film. This is consistent with XPS data showing
the appearance of a silicon peak after 90 minutes of exposure and makes determination of the
film/substrate interface difficult once the film is fully degraded. Silicon detection is accompanied
by zinc ions at an intensity of over 10000 counts/s, a factor of five times higher than that for as-
deposited film (figure 3.19). This represents a high concentration of zinc at the surface, a result
of carbon and nitrogen removal with some increase in the zinc ion intensity due to enhancement
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by the use of an oxygen primary beam in a metal oxide environment. In further evidence of
material removal, the carbon intensity has dropped from 2000 to 700 counts/s although a
further decrease to 500 counts/s at 21s implies that some ZnPc may remain unreacted on the
substrate which is in agreement with the non-zero absorption seen in the UV-visible absorption
spectrum after 90 minutes (figure 3.30a). The most significant change is the increase in ZnO+
intensity from less than 10 counts/s to over 100. ZnO+ ions present in as-deposited film were the
product of sample-beam interaction and the levels of zinc oxide ions detected here far outweigh
that which would therefore be attributable to interaction with the O+2 beam, confirming the
formation of zinc oxide through the UV process.
Figure 3.39: SIMS depth profile of 100 nm ZnPc after 90 minutes of UV treatment
Zinc Tetraphenylporphyrin Following UV Treatment
For comparison with ZnPc, the depth profile of ZnTPP after 105 minutes was chosen as XPS
results indicted that the silicon substrate was detected from the outset at 90 minutes in ZnPc
and 105 minutes in ZnTPP (figure 3.40).
As the concentration of zinc in ZnTPP is less than for ZnPc, it is expected that the yield for
zinc ions would be lower in ZnTPP and the fall-off of Zn+ intensity, beginning at 9000 counts/s
once equilibrium is reached, does indeed show this, dropping to almost below 10 counts/s by
125s of sputter time, whereas the intensity of zinc ions in ZnPc is still at over 700 counts/s at
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125s (figure 3.39). The intensity of ZnO+ ions in as-deposited ZnTPP was below 5 counts/s
(figure 3.20) and has risen to over 200 counts/s at the surface of irradiated film but drops
rapidly to below 10 counts/s by 80s. Higher levels of zinc oxide ions were maintained in ZnPc
until 150s.
The intensity of carbon was 1000 counts/s throughout the depth of as-deposited film and
although carbon ions are still present on the surface after irradiation, the intensity has dropped
very slightly to just under 1000 counts/s, rapidly decreasing to zero by 90s, so although the
substrate has been reached during irradiation, all organic material has not been removed. The
intensity of ZnO+ ions has an initial value of 900 counts/s. As there was no zinc oxide detected
in as-deposited film, this represents the formation of zinc oxide through UV exposure.
Figure 3.40: SIMS depth profile of 100 nm ZnTPP after 105 minutes of UV treatment
For further comparison between ZnPc and ZnTPP, the depth profiles were integrated to deter-
mine the total ion yield and are presented in table 3.3 where the zinc ion yield has been held
constant at 1000 counts as no loss of zinc was anticipated. The total yield of C+ ions decreases
by a factor of 10 in ZnPc and by over a factor of 30 in ZnTPP from as-deposited films to 90
and 105 minutes respectively. As the UV process results in removal of organic fragments, a
decrease was expected and the carbon content of ZnTPP is higher than that for ZnPc which
results in a greater reduction of C+ yield for ZnTPP. The increase in ZnO+ yield confirms the
formation of zinc oxide from both molecules with a higher increase in yield for ZnTPP. This
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was not expected as the potential thickness of zinc oxide film which could be produced from 100
nm of precursor film is approximately 4 nm from ZnPc and 3 nm from ZnTPP. The discrepancy
between expected and observed yields is likely to be a result of matrix effects or sample-beam
interaction. As the composition of degraded films is not fully known and their homogeneity is
not guaranteed, it is not possible to quantify any beam enhancements of positive ion yields.
Table 3.3: Total relative ion yield of ZnPc and ZnTPP before and after UV treatment with
zinc ions normalised to 1000
C+ Zn+ ZnO+
ZnPc as-deposited 699 1000 5
ZnPc 90 minutes 68 1000 11
ZnTPP as-deposited 2800 1000 5
ZnTPP 105 minutes 88 1000 25
Despite the lack of information about film composition, Zn+ and ZnO+ ion yields of as-
deposited films provide an upper limit for the ratio of Zn+ to ZnO+ ions, with the yields
from a reference sample of zinc oxide deposited by pulsed laser deposition (PLD) giving a lower
limit and indicating the degree of zinc oxide formation [144].
A sample of zinc oxide, 50 nm thick, was prepared using PLD by Dr Joseph Franklin of the
Department of Materials at Imperial College London and a depth profile of the sample taken
using the same conditions as for all other samples (figure 3.41). The zinc and zinc oxide ion
intensities remain steady throughout the depth of the film, exhibiting a weak peak as the
analysis beam reaches the substrate, as for ZnPc and ZnTPP. Silicon is detected at the outset
but the intensity is below 100 counts/s, rising steeply as the substrate is reached. There is
some surface contamination by carbon which is to be expected as the sample was not freshly
made prior to depth profiling.
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Figure 3.41: SIMS depth profile of 50 nm zinc oxide film produced by PLD
Ratios of Zn+ ions to ZnO+ ions in depth have been plotted for ZnPc and ZnTPP treated for
90 and 105 minutes respectively and for the reference sample of zinc oxide (figure 3.42).
Figure 3.42: Ratio of zinc to zinc oxide ions against sputter time for a reference sample of zinc
oxide, ZnPc treated for 90 minutes and ZnTPP treated for 105 minutes
In as-deposited films, the intensity of ZnO+ ions is below 10 counts/s and often as low as zero,
therefore, the Zn+/ZnO+ ratio was calculated from the average of its reciprocal through the
depth of the film, giving 290 for ZnPc and 223 for ZnTPP, an upper limit for the Zn+/ZnO+
ratio which are similar to the ratios given by comparison of total ion yield in table 3.3. The
ratio calculated from the average during the depth profile is likely to be more accurate as the
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total ion yield does not include ions which have been driven into the substrate layer. Ratios
for UV treated film are taken as averages through the regions where the ratio is most steady,
approximately 15 - 60s. All ratios calculated thus are summarised in table 3.4, defining:
Rref =
[Zn+]ref
[ZnO+]ref
(3.5)
RPcUV =
[Zn+]PcUV
[ZnO+]UV
, RTPPUV =
[Zn+]TPPUV
[ZnO+]TPPUV
(3.6)
RZnPc =
[Zn+]ZnPc
[ZnO+]ZnPc
, RZnTPP =
[Zn+]ZnTPP
[ZnO+]ZnTPP
(3.7)
Table 3.4: Ratios of zinc to zinc oxide ions
Sample Ratio [Zn+]/[ZnO+]
As deposited ZnPc RZnPc 290
As deposited ZnTPP RZnTPP 223
Zinc oxide reference sample Rref 14
ZnPc 90 mins UV RPc UV 101
ZnTPP 105 mins UV RTPP UV 36
From figure 3.42, ratios of both ZnPc and ZnTPP are higher than that for the reference sam-
ple of ZnO, thereby demonstrating the presence of either unreacted precursor molecules or
fragments thereof containing zinc.
Making the assumption that the lateral distribution of zinc and zinc oxide ions in the reference
sample of zinc oxide is equal to that of zinc oxide formed from UV treated ZnPc and ZnTPP,
it would be reasonable to expect that regions of ZnO formed from the precursor films would
produce a ratio, Zn+/ZnO+, very close to the ratio, Rref produced by the reference sample,
neglecting any matrix effects caused by precursor fragments remaining in the environment of
ZnO created. Making similar assumptions, the yields of ions from unreacted regions of ZnPc
and ZnTPP would be expected to form ratios very close to those given by pristine films.
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It is therefore possible to determine the proportion of zinc in the precursor film which has
formed zinc oxide. Considering the intensities of zinc ions produced from as-deposited film and
the resulting mixture of zinc oxide and unreacted precursor, if x is the proportion of zinc which
forms zinc oxide, then for ZnPc:
[Zn+]PcUV = x[Zn
+]ZnO + (1− x)[Zn+]ZnPc
and
x =
[Zn+]PcUV − [Zn+]ZnPc
[Zn+]ZnO − [Zn+]ZnPc (3.8)
From the assumptions made above regarding yields, equation 3.8 becomes:
x =
[Zn+]PcUV − [Zn+]ZnPc
Rref [ZnO+]ref − [Zn+]ZnPc (3.9)
with a similar equation for ZnTPP. Using the total zinc ion yield within the first 10 second of
UV treated films where the intensity is constant as [Zn+]Pc UV= 13600 and [Zn
+]TPP UV= 9300
counts/s, the percentage of zinc converted to zinc oxide is
xZnPc = 19%
xZnTPP = 14%
These values are lower than the ratios given in table 3.4 would imply and are a consequence of
the beam-enhanced yield of both zinc and zinc oxide from the reference sample. In particular,
the yield of metal ions may increase by several orders of magnitude in the presence of an oxygen
primary beam [109]. This would have the result of inflating the denominator in equation 3.9
and reducing the calculated yields as seen. The comparison of ratios remains a more useful
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indication of the extent of oxide formation (table 3.4) and to establish that zinc oxide has been
formed.
3.3.6 Identification of Zinc Oxide in Thick UV-Treated Precursor
Films
Zinc oxide is known to be an absorber of ultraviolet light with transmission decreasing for
wavelengths between 300 and 400 nm, whether the material is polycrystalline and deposited
by spray pyrolysis [145] or sol-gel methods [146] or in the form of a single crystal [147] or
nanoparticles [148]. As the yield of zinc oxide from ZnPc was not expected to exceed 4nm, a
thicker film was employed to enable observation of UV absorption by zinc oxide. ZnPc films of
600 nm thickness were deposited by OMBD and exposed to UV treatment for 1000 minutes at
the standard conditions described previously. As the films were very thick, transmission was
close to zero over a wide range of wavelengths resulting in errors calculating the absorption,
therefore, transmission spectra have been plotted for before and after 1000 minutes of UV
treatment (figure 3.43)
Figure 3.43: UV-visible transmission spectra of ZnPc before and after 1000 minutes of UV
treatment. Inset shows absorbance for the UV treated film and the quartz substrate
The spectrum of as-deposited ZnPc shows high absorption in the regions occupied by the Soret
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band and the Q band below 400 nm and between approximately 600 and 750 nm respectively
(figure 3.43). After irradiation, there is very little absorption in the Q band but the trans-
mission drops steeply from 300 nm which may be a result of absorption by zinc oxide. The
inset shows the absorption for the UV treated film and the quartz substrate eliminating the
possibility of substrate interference. With 600 nm of ZnPc precursor, it would be expected that
approximately 24 nm of zinc oxide film would be formed if the precursor film reacted completely
and no organic fragments remained. As the SIMS results demonstrate the formation of zinc
oxide, it is likely that absorption in the UV region is due to the zinc oxide formed and the film
remains transparent throughout the remainder of the spectrum. Zinc oxide was not detected
by XRD, however and this is likely to be due to carbon residues and the minimum crystallite
size required for detection.
3.4 Crystalline ZnTPP Deposited on KCl Substrates
The results using ZnPc and ZnTPP suggest that use of a crystalline precursor results in a
higher rate of film degradation. To clarify the effect further, ZnTPP was grown on single
crystal potassium chloride (KCl) substrates to form a crystalline film, reported to be a result
of epitaxial alignment by the substrate [149]. Substrates were prepared as for previous films
and 100 nm films of ZnTPP were deposited on silicon, quartz and KCl substrates. Following
characterisation, the films were exposed to UV light for 120 minutes in standard conditions and
properties re-examined. The results presented here for ZnTPP will not be directly comparable
to those presented earlier in section 3.3, as the dose received from the xenon excimer lamp
was significantly lower than in earlier sections due to a sudden reduction in performance,
however, there is valuable information to be obtained by comparison of the influence of different
substrates on the morphology and consequently on the rate of degradation as these samples
were deposited, irradiated and characterised together.
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Morphology
The amorphous films formed by ZnTPP have been characterised earlier in this chapter. AFM
images of ZnTPP on KCl show crystalline films with an average crystallite diameter of approx-
imately 45 nm. Crystallite size is non-uniform and the line profiles in figure 3.44b indicate
hemispherical surfaces to the grains. In section 3.2.1, the roughness of ZnTPP was found to be
0.41 nm but here, the crystalline form has an increased roughness, Rq = 7 nm.
(a) (b)
Figure 3.44: AFM images with line profiles of ZnTPP films grown on KCl substrates (a)
5 µm× 5 µm, roughness 7 nm, (b) 1µm× 1 µm, roughness 9 nm
X-Ray Diffraction
X-ray diffractograms of ZnTPP deposited on KCl, the substrate and ZnTPP on KCl after
120 minutes of UV treatment were taken with a step size of 0.033 and a time/step of 300s
(figure 3.45).
Peaks due to the substrate are clearly visible in the data for as-deposited film, although the
peak present at 20.17° in the substrate has shifted slightly to 20.24° once the ZnTPP was
deposited. The as-deposited film exhibits a peak at 20.42° which is close to the peak at
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20.2° corresponding to the (12-2) plane seen in the powder diffraction pattern reported in the
literature for the triclininc structure [4]. However, peaks are not likely to correspond directly
to powder diffraction patterns due to influence of the KCl substrate resulting in a degree of
epitaxial alignment [149]. The major peak in KCl at 25.6° has been shifted to the slightly
higher angle of 25.7° after deposition of ZnTPP and remains at a higher angle once the film
has been treated. This suggests that there may have been an instrumental error in the data.
(a) (b)
Figure 3.45: XRD scans for (a) ZnTPP on KCl as-deposited and after 120 minutes of UV
treatment and the KCl substrate with (b) at a higher scale
Following UV treatment, the peak at 20.42° disappears, therefore, this peak can be attributed
to ZnTPP. Furthermore, the peak seen at 20.24° has shifted to a slightly lower angle of 20.19°
almost returning to the value given by the substrate. No new peaks were observed following
UV treatment, therefore the XRD results showed a removal of crystalline ZnTPP within 120
minutes.
UV-Visible Absorption Spectra
Absorption spectra of ZnTPP deposited on glass, quartz and KCl substrates are shown with
absorption spectra after 120 minutes of UV treatment (figure 3.46).
The absorption spectra showed a significant increase in degradation of ZnTPP on KCl compared
to quartz with negligible reaction on glass. The percentage reduction in film thickness calculated
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by integration of the Q band after correction for the substrate is summarised in table 3.5 with
errors as calculated in section 3.2.3.
Figure 3.46: UV-visible absorption spectra of ZnTPP on glass, quartz and KCl substrates
before and after UV irradiation
KCl substrates are minimally absorbing at 172 nm [150], however, they exhibit a reflectivity
of approximately 15% in the same region [151] and this is likely to have some impact on the
results. In comparison, fused quartz has a transmittance of approximately 88% and a reflectance
of approximately 4% in the 172 nm region [152,153].
Table 3.5: Percentage removal of ZnTPP film on quartz and KCl substrates
Substrate Removal of ZnTPP film
Glass 0 ± 2 %
Quartz 25 ± 1.5 %
KCl 90 ± 1 %
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The XRD data demonstrate that very little crystalline ZnTPP remains after UV treatment
when the films are grown on KCl (figure 3.45) and the absorption spectra confirm that degra-
dation is increased by use of KCl substrates, compared to quartz and glass. The difference
between the morphology of as-deposited films of ZnTPP on silicon (figure 3.5) and on KCl
(figure 3.44) is likely to be a significant factor in the increase in reaction rate as ZnTPP forms
amorphous films on non-interacting substrates such as silicon and glass [101] but crystalline
films on KCl. As deposited films on silicon have a very low roughness of 0.41 nm with peak
to trough distances of below 2 nm whereas films grown on KCl have a roughness of 9 nm with
peak to trough distances of up to 30 nm, exceeding those of crystalline ZnPc. This difference in
structure provides an additional route for oxygen assisted degradation of the film as the deep
grain boundaries act as channels for diffusion of excited oxygen species.
From this, we can conclude that although there is degradation via photonic scission of bonds
as shown by decreased absorption of irradiated film on quartz (where ZnTPP deposits as an
amorphous film and is therefore subject initially to a greater effect from the UV-assisted mech-
anism), excited oxygen species greatly accelerate the reaction with the result that precursors
forming crystalline films will degrade faster. In the specific case of KCl, a reflectivity of ap-
proximately 15% by the substrate may contribute to film degradation as ZnTPP is negligibly
absorbing at 172 nm (section 3.1) and would allow much of the light to pass through. The
substrate reflects a portion back into the film, however, 15% is not sufficient to explain the
increase in film removal on KCl compared to quartz and the main factor must therefore be the
crystalline morphology.
3.5 Conclusion
The use of two precursors forming films of contrasting morphology has been invaluable in
determining the mechanism by which oxides form with UV light in the presence of oxygen.
ZnPc forms crystalline films at room temperature in the α modification while ZnTPP forms
amorphous films as confirmed by XRD data and AFM imaging. XRD data show a loss of
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crystallinity in ZnPc as UV treatment progresses while AFM images reveal a gradual roughening
of the surface from approximately 2 - 6 nm accompanied by an increase in average grain size
from 9.3 - 11.8 nm and a reduction in the number of grains. Absorption spectra show that
negligible ZnPc remains on the substrate after 90 minutes of irradiation and integration of the Q
band demonstrated a linear film removal rate of 1.3 nm/minute, suggesting that the influence of
oxygen assisted and photon assisted mechanisms remained constant throughout the 90 minutes.
AFM images from ZnTPP films showed a dramatic change from a smooth, amorphous film
with a roughness below 1 nm to a film with roughness of over 4 nm and the formation of grain-
like features. Formation of grainy structures coincided with an acceleration in the rate of film
degradation to 1.3 nm/minute between 75 - 90 minutes, as determined from absorption spectra,
before returning to the previous, smooth film with an amorphous appearance and low initial
roughness. As the grain like features were eroded, the rate of reaction decreased as shown
by integration of the area under the Q band. Absorption spectroscopy detected no ZnTPP
remaining after 150 minutes.
The photon assisted route is likely to affect only the regions of the film where the light is directly
incident whereas the oxygen assisted reaction mechanism will also act within the depth of the
film by diffusing between grain boundaries. As the morphology is largely retained throughout
the degradation of ZnPc, these results suggest that both mechanisms act concurrently and the
lack of change in morphology is reflected in the constant rate of film removal (figure 3.47a).
In contrast, the initial rate with ZnTPP is much slower at 0.3 nm/minute, a consequence of
the smooth surface of the film. At this point, the UV mechanism is likely to have the greatest
impact and gradual degradation of the surface leads to roughening (figure 3.47b). Impurities
and defects within the film may provide sites where oxygen species can have greater effect.
This, in conjunction with the roughening caused by UV attack creates a grain-like structure by
7 - 90 minutes which allows further diffusion of oxygen within the film, resulting in the same
rate of film removal seen in ZnPc. The rates are identical for both precursors at this point and
suggest both mechanisms exert equal influence in both films.
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(a) (b)
Figure 3.47: Schematic of action of UV assisted and oxygen assisted mechanisms in (a) ZnPc
and (b) ZnTPP
This model is further validated by the near complete removal of crystalline ZnTPP film on
KCl substrates and the significant amount of film remaining in ZnTPP films on quartz and
glass substrates where ZnTPP forms amorphous films. It is clear that surface morphology and
surface area are crucial in allowing the oxygen route to accelerate the reaction.
XPS studies of as-deposited precursors identified two C 1s peaks corresponding to aromatic
and pyrollic carbons with accompanying satellite peaks. Spectra of treated films showed that
aromatic carbon bonds were the first to be attacked, before those bonded to nitrogen atoms,
as might be expected due to the location of aromatic carbons on the periphery of precursor
molecules. Carbon and oxygen 1s spectra were instrumental in following the process and deter-
mining the incorporation of oxygen within the films. Together with SIMS results, the formation
of zinc oxide has been established and the removal of the majority of organic fragments con-
firmed with some evidence of carbonyl and silicon dioxide formation. The presence of zinc oxide
is further verified by the absorption in the UV region of a fully reacted thicker film of ZnPc.
Finally, the process required 90 minutes for full degradation of ZnPc, equivalent to a photon
dose of 1.1×1020 photons/cm2, to achieve a film containing zinc oxide, transparent in the visible
region. ZnTPP required 150 minutes, equivalent to a photon dose of 1.9× 1020 photons/cm2.
Chapter 4
ZnPc and PTCDA as a Model for a
Multi-layer Organic System
4.1 Introduction
Due to their versatility, metal phthalocyanines employed as active components contribute to a
wide portfolio of organic electronic devices. Their charge transport properties make them par-
ticularly useful in organic thin film transistors (OFETs) [86], while their photoactivity makes
them ideal candidates for use in solar cells where they form the benchmark small molecule pho-
tovoltaic heterojunctions with fullerenes such as C60 as an acceptor [154] and as hole transport
layers in organic light emitting diodes (OLEDs) [85]. More recently, the magnetic properties of
phthalocyanine complexes such as those of terbium and iron are being employed in the develop-
ment of organic spintronic devices [87,155,156]. However, if the UV process is to prove a useful
method for production of functional oxide films from metal phthalocyanines, it is important
to determine the effect UV light and oxygen might have on any neighbouring organic layers
within an organic electronic device.
Perylenetetracarboxylic-3,4,9,10-dianhydride (PTCDA) is a planar, polycyclic aromatic molecule
with an extended pi system which results in a regular stacking arrangement with the molecules
lying nearly parallel to the substrate (figure 4.1). The extended pi system results in inter-
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molecular pi − pi interactions responsible for a high anisotropic mobility in the region of 1.4
cm2/Vs [157], leading to the use of PTCDA as an acceptor in conjunction with ZnPc as the
donor in solar cells [103] and as a hole injection layer in OLEDs [104]. Its characteristics have
has been extensively reported in the literature [158], making it an ideal molecule for investiga-
tions of thin films and in particular, for the effect of UV light and oxygen when forming oxide
films.
On non-interacting substrates, PTCDA crystallises into its α or β polymorph, both monoclinic
and falling within the P21/c space group [158]. The molecules lie in the (10-2) plane with an
intermolecular distance of 3.22 or 3.25A˚ for the α and β modifications respectively [106, 159]
(figure 4.1).
(a) (b)
(c) (d)
Figure 4.1: (a) Molecular structure of PTCDA, (b) top view of β-PTCDA with the (10-2)
plane parallel to the substrate, (c) side view of β-PTCDA with the (10-2) plane parallel to the
substrate with the (110) plane indicated in red and (d) side view of β-PTCDA with the (110)
plane parallel to the substrate and the (10-2) indicated in red, according to crystallographic
data reported in the literature [5, 6]
PTCDA grown by OMBD deposits with molecules lying flat, producing an X-ray diffraction
peak at 27.2°, corresponding to the (10-2) plane but further deposition beyond 70 nm has shown
the films also adopt a different orientation in the (110) plane resulting in an additional peak
at 25.2° [160] (figure 4.1). This well-defined structure enables easy determination of the effect
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of UV and oxygen assisted metal oxide film formation from ZnPc on a neighbouring layer of
PTCDA.
In addition to easily identified X-ray diffraction peaks, the electronic absorption spectrum of
PTCDA is well documented [16] with absorption regions largely separate from those of ZnPc,
resulting in a reddish appearance for PTCDA whereas ZnPc appears blue, providing another
method for observation of the effect of UV light and oxygen.
Finally, it is well-known that an initial layer of at least 15 nm of PTCDA will result in structural
templating of subsequently deposited layers of phthalocyanine molecules, aligning the molecular
plane parallel to the substrate and extending beyond a thickness of 300 nm (figure 4.2b) [161].
While ZnPc usually deposits with molecules nearly perpendicular to poorly interacting sub-
strates such as glass or oxidised silicon, templating by PTCDA results in a complete change in
orientation of approximately 90°, resulting in the observation of X-ray diffraction peaks at 2θ =
26.6° and 27.6° corresponding to the (01-2) and (11-2) planes in the case of CuPc [19,160]. This
effect has also been reported when depositing ZnPc on copper iodide substrates, resulting in
the same orientations (figure 4.2a) [162]. Films of ZnPc on PTCDA will therefore also establish
the effect of molecular orientation on oxide formation, information vital for application of the
UV process in organic electronic devices where use may be made of the anisotropic mobility
of molecules such as phthalocyanines by modification of molecular orientation, for example,
in OFETs where a high conductivity parallel to the substrate is required and in OPV devices
where conductivity orthogonal to the substrate is beneficial. If a subsequent layer of ZnPc is
then subjected to UV treatment to form an oxide film, orientation may have an impact.
(a) (b)
Figure 4.2: (a) ZnPc deposited with the (01-2) plane parallel to the substrate with the (11-2)
plane indicated in red and (b) schematic of templated ZnPc on PTCDA. Crystallographic data
taken from the literature [3, 6]
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In order to establish the optimum combination of film thicknesses which would allow determi-
nation of the effect of UV light and oxygen on neighbouring organic layers and the effect of
orientation on oxide formation, 20 nm and 100 nm films of ZnPc, PTCDA and permutations
thereof were characterised by AFM, XRD and UV-visible absorption spectroscopy. As 100 nm
films of ZnPc had been thoroughly investigated in chapter 3, 100 nm of ZnPc on PTCDA was
considered the useful choice to allow comparison.
4.2 Characterisation of ZnPc and PTCDA Films
PTCDA and ZnPc were deposited individually as films of 20 and 100 nm and as heterostructures
with the first layer either 20 or 100 nm of PTCDA. The X-ray diffraction data, AFM images
and UV-visible absorption spectra were compared to determine the most useful combination.
4.2.1 Morphology - Atomic Force Microscopy
Topographical images were recorded using atomic force microscopy. All films had formed grains
and showed little variation in morphology (figure 4.3).
ZnPc films grown on 20 nm PTCDA appeared to form smaller grains than those grown on 100
nm PTCDA and had a lower surface roughness (table 4.1). As these results will be compared to
those from ZnPc films, it is interesting to note that all PTCDA and combined films appear less
rough than the as-deposited ZnPc films (section 3.2.1), although the difference is not significant
at 1.5 nm.
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Figure 4.3: AFM images of (a) 20 nm PTCDA, (b) 20 nm ZnPc on 20 nm PTCDA, (c) 100
nm ZnPc on 20 nm PTCDA, (d) 100 nm PTCDA, (e) 20 nm ZnPc on 100 nm PTCDA and (f)
100 nm ZnPc on 100 nm PTCDA. All films were deposited on silicon.
Table 4.1: RMS Roughness of ZnPc and PTCDA films (nm)
20 nm PTCDA 20 nm ZnPc on 20 nm PTCDA 100 nm ZnPc on 20 nm PTCDA
1.04 1.60 2.12
100 nm PTCDA 20 nm ZnPc on 100 nm PTCDA 100 nm ZnPc on 100 nm PTCDA
1.63 3.19 3.11
4.2.2 X-Ray Diffraction
PTCDA Films
XRD scans of the 100 nm PTCDA film yielded a peak at 2θ = 27.7° (figure 4.4), corresponding
to the (10-2) plane reported in the literature for the β phase [6]. The 20 nm film, however, has
only a very small peak at the same angle. A peak for PTCDA on glass has been reported at 25.5°,
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arising from the (110) plane [107], however, there is no evidence here. It has been suggested
that the α modification of PTCDA forms in lower thickness films and at higher substrate
temperatures and that α and β PTCDA give rise to peaks at 27.6° and 27.5° respectively [163].
From the data shown, it is difficult to determine which phase the film has adopted although
powder diffraction patterns from published crystallographic data suggest the film has deposited
in the β phase [6]. However, both phases are quite similar, forming films with the (10-2) plane
parallel to the substrate with equivalent orientations (figure 4.1b), it is likely to make very little
difference to the templating of ZnPc or to the effect of UV light and oxygen.
Figure 4.4: XRD scans of 20 nm and 100 nm PTCDA films on glass. Indexation based on [6]
20 nm ZnPc Deposited on PTCDA
Deposition of ZnPc on PTCDA results in the presence of diffraction peaks in the 25 - 30°
region (figure 4.5), contrary to deposition on silicon and glass where peaks are observed at
7.08° (figures 3.6a and 3.27). These new peaks are most clearly seen in the sample with 100 nm
ZnPc where diffraction is observed at 26.7° and 27.7°, in agreement with peaks seen for CuPc
deposited in the α phase on PTCDA corresponding to the (01-2) and (11-2) planes respec-
tively [19]. The presence of those peaks and the absence of peaks at lower angles indicates
strong texturing with the ZnPc planes at 9° and 7.5° with respect to the substrate [19]. In par-
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ticular, although a 20 nm film of PTCDA alone does not result in crystallite sizes large enough
to produce diffraction peaks, the strong texturing effect evident in the 20 nm structurally tem-
plated ZnPc film does form crystallites of sufficient size to produce a diffraction peak. The
sample with 20 nm ZnPc on 20 nm PTCDA has a shoulder at 27.4° to the main peak at 27.9°.
The main peak is likely to be due to the sum of intensities from the (11-2) plane of ZnPc and
the (10-2) plane of PTCDA. The additional shoulder has previously been attributed to the β
modification of PTCDA [163,164] but more recent investigations confirm that the β modifica-
tion produces the higher peak detected here at 27.9° with the α modification yielding a peak
at a slightly lower angle [5, 6]. It is interesting to note that although a 20 nm film of PTCDA
does not show a clear diffraction peak (figure 4.4), it is still effective as a structural template.
Figure 4.5: XRD scans of 20 nm ZnPc deposited on 20 and 100 nm PTCDA on glass. Indexation
based on [6,19]
100 nm ZnPc Deposited on PTCDA
Films of 100 nm ZnPc on 20 and 100 nm PTCDA show a number of differences to previous
films (figure 4.6). The main peak at 27.9° in the 100 nm ZnPc on 100 nm PTCDA film has
an intensity of approximately 130% of that for 100 nm PTCDA alone (figure 4.4) from which
we can conclude that the peak is a sum of intensities from both the (10-2) plane of α-PTCDA
and the (11-2) plane of α-ZnPc. This sample also produces a peak at 26.8° from the (01-2)
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plane of templated α-ZnPc [19] and a new peak at 7.0° more commonly seen in non-templated
ZnPc with diffraction from the (200) plane in the edge-on orientation [162]. This suggests that
the templating effect may not have extended fully throughout the depth of ZnPc and is most
likely a result of roughening of the PTCDA layer as it adopts the (110) orientation in addition
to the (10-2) orientation as thickness increases (table 4.1) [107].
Figure 4.6: XRD scans of 100 nm ZnPc deposited on 20 and 100 nm PTCDA on glass. Index-
ation based on [6,19]
From the XRD data for all films, it is clear that deposition of ZnPc on PTCDA does indeed
have the effect of templating ZnPc molecules, orienting them parallel to the substrate. It is
possible to monitor the removal of ZnPc film as irradiation with UV light progresses, however,
it is not clear whether the peak at 27.7° may be used to determine when the PTCDA layer
is affected. To provide some insight as to the contribution of PTCDA to this peak, films of
100 nm ZnPc on 20, 40 and 100 nm of PTCDA were compared.
100 nm ZnPc Deposited on 20, 40 and 100 nm PTCDA
Figure 4.7 shows the region between 24 - 30° where peaks due to the (01-2) and (11-2) planes
of ZnPc and the (10-2) plane of β-PTCDA are easily seen. The ZnPc content of all films
is 100 nm thus the increasing intensity and breadth of the peak at 27.9° can be attributed
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to the increasing thickness of PTCDA. What is also apparent is an increasing asymmetry
to the main peak with a shoulder on the lower angle side in the region of 27.7° due to the
presence of the β modification of PTCDA. Peaks were therefore fitted with a Lorentzian profile
following a removal of background intensity at 28.0°, 26.8° and 27.7° corresponding to angles
for diffraction peaks produced by the (11-2) and (01-2) planes of ZnPc and the (10-2) plane of
β-PTCDA respectively and intensities are displayed in table 4.2.
Figure 4.7: XRD scans of 100 nm ZnPc deposited on 20, 40 and 100 nm PTCDA on glass.
Peak fitting using Lorentzian profiles.
Table 4.2: XRD peak intensities for films of 100 nm ZnPc on 20 nm PTCDA (100/20), 40 nm
PTCDA (100/40) and 100 nm PTCDA (100/100) derived from peak fitting following removal
of background intensity
Peak 2θ (deg) 100/20 100/40 100/100
1 28.0 1621 ± 41 2201 ± 44 2816 ± 67
2 27.7 478 ± 100 873 ± 60 2727 ± 77
3 26.8 415 ± 37 241 ± 27 165 ± 36
As expected, the intensity of peak 2 at 27.7° increases significantly with PTCDA thickness,
whereas changes in intensities of the other two peaks is far less dramatic. The errors calculated
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through fitting peaks, however, are not negligible. As the increase in the intensity of the main
peak can only be caused by an increase in the thickness of PTCDA, comparison of intensities of
peak 2 at 27.7° should correspond approximately to the change in PTCDA thickness. Similarly
comparison between the intensities of peak 1, corresponding to the ZnPc (11-2) lattice plane
for different samples should not vary significantly and neither should intensities of peak 3,
corresponding to diffraction from the (01-2) plane in ZnPc. Ratios of peak intensities are
summarised in table 4.3.
Table 4.3: Comparison of XRD peak intensities for films of 100 nm ZnPc on 20 nm PTCDA
(100/20), 40 nm PTCDA (100/40) and 100 nm PTCDA (100/100) derived from peak fitting
following removal of background intensity
Peak 2θ (deg) (100/100)/
(100/20)
(100/100)/
(100/40)
(100/40)/
(100/20)
1 28.0 1.74 ± 0.06 1.28 ± 0.04 1.36 ± 0.04
2 27.7 6 ± 1 3.1 ± 0.2 1.8 ± 0.4
3 26.8 0.40 ± 0.09 0.7 ± 0.2 0.58 ± 0.08
The most relevant ratios here are those for peak 2 when comparing different thicknesses of film.
It would be expected that the intensity of peak 2 for a film with 100 nm PTCDA would be
approximately 5 times the intensity of that for a film with 20 nm PTCDA and this is indeed the
case, with a ratio of 6± 1. Similarly films with 100 nm PTCDA and 40 nm PTCDA would be
expected to yield a ratio of 2.5 which is close to the value of 3.1±0.2 given in table 4.3. Finally,
ratios of films with 40 nm and 20 nm PTCDA would yield a ratio of 2 and the value calculated
is 1.8 ± 0.4. Peak 2 at 27.7° is indeed attributable to the diffraction from the (10-2) plane of
β-PTCDA and comprises approximately 23± 5% of the total peak intensity of the main peak
and diffraction from the (11-2) plane in ZnPc the remainder in films of 100 nm ZnPc on 20
nm PTCDA. Therefore, while the third peak at 26.8° may be used to identify when ZnPc has
been fully degraded, the combined intensity of peaks 1 and 2 may only be used as a qualitative
indicator of the presence of PTCDA once the ZnPc reaction nears completion.
From the XRD data, templating of ZnPc is achieved by a 20 nm layer of PTCDA and a 100
nm thick layer of ZnPc is easily detected by XRD at 26.7°, whereas 20 nm ZnPc produces a
132 Chapter 4. ZnPc and PTCDA as a Model System
peak of limited intensity. The peak at 27.7° may be used as indication of PTCDA remaining
from which 100 nm ZnPc on 20 nm PTCDA is the sensible choice for the heterostructure. As
the optical absorption regions of ZnPc and PTCDA only overlap slightly, electronic absorption
spectroscopy will be extremely useful identifying the amount of film remaining during the UV
process.
4.2.3 UV-Visible Absorption Spectroscopy
Electronic absorption spectra have been one of the key signatures for determining the relative
influence of ultraviolet light and oxygen on oxide formation (chapter 3) and if appropriate, will
also be employed here to evaluate the effect of the UV process on neighbouring organic layers.
Absorption spectra of 100 nm films of ZnPc have already been described in section 3.2.3. The
absorption spectrum of 20 nm PTCDA on glass is presented in figure 4.8. Peaks at 361, 374,
484, 554 nm closely match reported values [16]. The highest wavelength peak at 554 nm
corresponds to a transition by a charge transfer state, CT, due to aggregate states resulting
in pi − pi overlap between stacked molecules. While the peak itself is due exclusively to free
charge transfer states, the long tail towards higher wavelengths is an indication of self-trapping
of excitons caused by strong exciton-phonon coupling, an interaction between the exciton and
the excited vibrational modes within a molecular crystal. The peak at 484 nm arises from
the S1(0-2) transition from the first excited singlet state to a different vibronic state and the
breadth of this band is due to transitions to several vibronic states νn [16]. Peaks at wavelengths
below 400 nm correspond to transitions from deeper HOMO levels to the LUMO level or from
the HOMO level to higher LUMO levels [165]. It is notable that there is minimal absorption
above 600 nm.
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Figure 4.8: Absorption spectrum of 20 nm PTCDA on glass, corrected for substrate contribution
Absorption spectra of 20 nm PTCDA, 100 nm ZnPc and 100 nm ZnPc on 20 nm PTCDA
have been plotted together to determine the value of absorption spectroscopy as a technique to
measure the effect of the UV process on PTCDA (figure 4.9).
Figure 4.9: Absorption spectra of 20 nm PTCDA, 100 nm ZnPc and 100 nm ZnPc on 20 nm
PTCDA on glass, corrected for substrate contribution
The spectrum for pure ZnPc is as measured in section 3.2.3, however, the peak at 707 nm
attributed to pi − pi∗ transitions shifts to a higher wavelength of 712 nm when deposited on
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PTCDA, with no change in any higher energy peaks. This must be due to the change in
orientation of stacking axis from parallel to normal to the substrate as PTCDA itself is non-
absorbing in that region. This effect has also been observed in CuPc templated by PTCDA and
attributed to an increase in the HOMO energy level, measured by ultra-violet photoelectron
spectroscopy [166]. As an increased HOMO level results in a lower HOMO-LUMO energy
difference, we can infer the same conclusion here, leading to a lower energy pi − pi∗ transition
and consequently an increase in the wavelength measured.
The highest wavelength peak at 707 nm in the absorption spectrum of ZnPc is considered
representative of the monomer character of the film whereas the lower wavelength peak at
622 nm relates to aggregated molecules [167]. The Q band regions have been normalised to
allow comparison of the structure of the ZnPc film when deposited alone and on PTCDA
(figure 4.10) and show that the degree of aggregation has not decreased upon templating and
has, in fact, increased slightly, suggesting that the films are more ordered, resulting in higher
levels of intermolecular interactions, maintaining their one-dimensional stacking nature with a
change in orientation.
Figure 4.10: Normalised absorption spectra in the Q band region of 100 nm ZnPc film and
100nm ZnPc on 20 nm PTCDA film on glass, corrected for substrate contribution
From the spectra of individual component films and that of ZnPc on PTCDA (figure 4.8),
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it appears that templating increases the absorbance of the film beyond that expected and
comparison of the absorption spectrum of 100 nm ZnPc on 20 nm PTCDA with the linear sum
of the individual absorption spectra of the component films confirms that increased absorption
is a result of templating (figure 4.11). There is negligible change in the region between 400 -
500 nm where PTCDA absorbs. As the increased absorption occurs above 500 nm and PTCDA
is non-absorbing in this region, we can infer that orientation affects absorption and alignment
of the phthalocyanine molecules parallel to the substrate leads to enhanced absorption. When
measuring the absorption spectra, light is incident normal to the sample with its electric field
vector, ~E, parallel to the plane of templated ZnPc molecules and it is the alignment of the
molecular electronic dipole moment with the electric field that leads to increased absorption
(figure 4.12b). In non-templated films, the molecular planes are oriented nearly orthogonal
to the electric field with the consequence of reduced absorption (figure 4.12a). The molecular
plane in templated films will therefore also be in alignment with the electric field, ~E, of the UV
light produced by the excimer lamp and increased absorption would be expected to reduce the
time taken for zinc oxide to form and the film to be removed. This is explored later.
Figure 4.11: Absorption spectra of 100nm ZnPc on 20 nm PTCDA film and the linear sum of
the individual films on glass, corrected for substrate contribution
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(a) (b)
Figure 4.12: Schematic showing relative orientation of the electric field vector, ~E, with the
molecular dipole moment, ~p, in (a) non-templated ZnPc and (b) templated ZnPc
In previous studies using ZnTPP and ZnPc, the percentage of film remaining was determined by
integration of the region within the Q band. Here, there is a slight overlap with the absorption
of PTCDA which requires modification of the this method, thus the Q band region above
600 nm will be used. As stated in chapter 3, reflectance of films will be neglected.
4.2.4 X-Ray Photoelectron Spectroscopy
XPS data for 100 nm ZnPc on 20 nm PTCDA were recorded as for section 3.2.4.
Binding energies arising from carbon, nitrogen, oxygen and zinc are clearly identified in the
survey spectrum (figure 4.13a) and intensity counts yield ratios of C:N:Zn of 18:3:1 which differ
from the ratio of 32:8:1 expected from the chemical formula. The C:N ratio is 6 which is close
to the expected value of 4. However, the intensity of zinc is far greater than expected. As the
survey spectrum is the sum of only three passes, the resolution and accuracy are limited.
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Figure 4.13: XPS spectra of as-deposited 100 nm ZnPc on 20 nm PTCDA: (a) survey, (b)
carbon, (c) nitrogen, (d) zinc, (e) oxygen and (f) silicon. The intensities are plotted as measured
in black and fitted curves in colour
Peaks C1, C2 and satellite C3 in the carbon 1s spectrum at binding energies of 284.3, 285.4
and 287.6 eV respectively (figure 4.13b) are in agreement with values found for as-deposited
ZnPc in chapter 3 (figure 3.16) and with the literature [128–130]. The ratio of areas of peaks
C1 to C2 is again not 3:1 as the satellite peak for C1 is difficult to distinguish and therefore
alters the result. The overall shape differs from that in chapter 3 where the peaks C1 and C2
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were more easily identified but here, they are only revealed by fitting Gaussian peaks to values
already known from earlier experiments. Comparison between figures 3.16b and 4.13b show an
increase in intensity of peak C2 with respect to C1 from a ratio of 22/9 to 1, an approximate
doubling of the intensity of C2. As XPS samples at a depth of up to 10 nm below the surface,
the initial layer of PTCDA cannot be responsible for this change in intensity nor can a change
of orientation as the molecules themselves are only 13A˚ in length and with both templated
and non-templated ZnPc, XPS will probe multiple layers of molecules. Surface contamination
is one possible factor, although peak profiles of other elements have not been affected to this
extent.
The two peaks at binding energies of 398.5 eV and 400.1 eV in the N1s spectrum (figure 4.13c)
correspond to the same nitrogen peak seen in as-deposited ZnPc and its satellite peak (fig-
ure 3.16), in agreement with values quoted in the literature [128,132]
Binding energies recorded in the zinc 2p spectrum at 1045.0 and 1022.0 eV (figure 4.13d) are
within 0.1 eV of previous measurements (figure 3.16) and in agreement with binding energies
measured for ZnPc on copper substrates [128]
A peak is observed at an energy of 532.3 eV in the spectrum for oxygen (figure 4.13e), very close
to the broad, poorly defined peak seen at 532.3 eV in figure 3.16 for as-deposited ZnPc. Oxygen
forms less than 4% of atomic composition and is likely to be due to surface contamination.
Finally, there is evidence of a small amount of surface contamination from handling techniques
in the silicon 2p spectrum (figure 4.13f) as was also observed in figure 3.16 for as-deposited
ZnPc.
4.3 Irradiated Films of ZnPc on PTCDA
Films of 20 nm PTCDA were grown by OMBD on prepared quartz, silicon and glass substrates
before subsequent deposition of a 100 nm layer of ZnPc. The samples were placed on a sample
holder in the vacuum chamber at a distance of 8.5 cm from the excimer lamp and irradiated
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for periods between 0 - 90 minutes in 10 minute intervals as for ZnPc films (section 3.3).
The films were characterised using atomic force microscopy, absorption spectroscopy, X-ray
diffractometry and X-ray photoelectron spectroscopy.
4.3.1 Morphology - Atomic Force Microscopy
(a) (b) (c)
(d) (e)
Figure 4.14: AFM images and line profiles of films of 100 nm ZnPc on PTCDA on silicon,
irradiated with UV light in oxygen (a) 0, (b) 20, (c) 40, (d) 60 and (e) 80 minutes
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AFM images of films irradiated for 0, 20, 40, 60 and 80 minutes show that the crystalline
appearance is maintained throughout UV treatment (figure 4.14). As the UV irradiation time
is increased, material is removed and deeper troughs become visible as the increasing z-scale,
a measure of average peak-to-trough distance, shows.
RMS roughness was compared (figure 4.15) and a grain analysis carried out (figure 4.16) as
for ZnPc (figure 3.23) in section 3.3 and data regarding grain size and number summarised in
table 4.4.
Figure 4.15: RMS roughness of films of 100 nm ZnPc on 20 nm PTCDA after UV irradiation
Roughness increases steeply from approximately 2 nm to 4 nm during the first 20 minutes of
UV treatment and then again from 4.5 nm to over 6 nm between 60 and 80 minutes. However,
between 20 and 60 minutes, there is very little change. Overall, once the film has been fully
removed, the total increase in surface roughness is approximately 4 nm, as for films of ZnPc
alone.
Grain analyses of the AFM data show that grains with radii in the region of 1 nm make up
the majority of those identified in as-deposited film with very few grains of radius over 5 nm
(figure 4.16) and although the distribution is skewed to smaller radii, the range of sizes measured
extends to particles of 20 nm radius.
4.3. Results: Irradiated Films 141
Figure 4.16: Grain analysis of films of 100 nm ZnPc on 20 nm PTCDA after UV irradiation
With increasing UV treatment time, there is a decrease in the number of particles at the
extrema of the range while particles with radii in the region of 50 nm increase in number. As
the film reacts under the influence of UV light and oxygen, the smallest grains will be the first
to fully degrade and all grains will suffer some degree of removal of material. As morphology
has been shown to be integral in the rate of oxide formation and oxygen has been shown to have
a greater influence than photonic degradation, diffusion of excited oxygen species within grain
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boundaries will affect smaller grains to a higher extent. This and the amalgamation of smaller
grains as molecules diffuse laterally results in the particle size distribution seen (figure 4.16).
The sample exposed to UV light for 80 minutes shows a large increase in roughness from 60
minutes, concomitant with the increase in peak to trough distance and this was also the case
in samples from 0 to 20 minutes of UV irradiation.
Table 4.4: Data from grain analysis of UV treated films of ZnPc on PTCDA
UV treatment time (minutes) 0 20 40 60 80
Number of grains 695 487 318 425 224
Average of equivalent disc diameter (nm) 6.2 11.2 14.3 11.8 17.0
Comparison with ZnPc films deposited directly onto silicon shows that for both films, average
grain size increased and the total number of grains decreased (tables 4.4 and 3.2). The roughness
increased linearly with time for non-templated ZnPc films whereas figure 4.15 suggests that
there was either a change in the relative influence of the photon-assisted and oxygen-assisted
mechanisms or that the PTCDA layer affected the rate of change in roughness. The peak to
trough distances showed very little variation in ZnPc films, unlike the heterostructures where
initial distances increased by a factor of three. It is possible that the orientation of ZnPc
molecules may affect the change in morphology and may also increase the rate of reaction as
expected from the alignment of molecules with the electric field vector of incident light. This
is explored further in the results from asborption spectroscopy (section 4.3.3).
4.3.2 X-Ray Diffraction
X-ray diffraction scans were recorded for samples of ZnPc deposited on PTCDA which had been
treated in UV light for 0 - 90 minutes. Samples irradiated for 0 - 70 minutes show diffraction
peaks from the (11-2) plane in ZnPc at approximately 27.9° with some contribution from the
(10-2) plane in PTCDA and at 26.8° from the (01-2) plane in ZnPc (figure 4.17a) [6, 19]. No
peaks are visible after 70 minutes. Although there is some overlap of the peak due to ZnPc in
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the (11-2) orientation with the peak at 27.7° from PTCDA diffracting from the (10-2) plane, it
was demonstrated in section 4.2 that the contribution to the total intensity from PTCDA was
less than 23%.
(a) (b)
Figure 4.17: XRD diffractograms of (a) films of 100 nm ZnPc on 20 nm PTCDA irradiated
with UV light for 0 - 90 minutes in 10 minute intervals and (b) enlarged diffractograms of films
irradiated for 70 and 90 minutes. Indexation based on [6,19]
The disappearance of the peak at 26.8°, corresponding to ZnPc, within 60 minutes of UV
irradiation suggests that the ZnPc crystallites are too small to be detected by XRD at least 20
minutes before ZnPc can no longer be detected in non-templated films (figure 3.27). Following
70 minutes, neither ZnPc or PTCDA remain intact, however, as the peak at 26.8° is solely due
to the presence of ZnPc and approximately 77% of the peak at 27.9° is due to the presence of
ZnPc, the fact that diffraction from the (01-2) plane in ZnPc is no longer seen could be taken as
an indication that ZnPc has been removed and that any remaining intensity in the peak at 27.9°
arises from the presence of PTCDA. If this is the case, PTCDA is removed within the next 20
minutes of irradiation. Furthermore, this would coincide with the appearance of deep troughs
in the AFM images (figure 4.14e), perhaps attributable to the degradation of the PTCDA layer.
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Confirmation of this is possible by examination of absorption spectra (section 4.3.3).
4.3.3 UV-Visible Absorption Spectroscopy
AFM and XRD data show that the film including both the ZnPc and PTCDA layers are
removed by 80 minutes, 10 minutes earlier than for ZnPc alone where some residual ZnPc
remained after 90 minutes. These results are confirmed by the absorption spectra of ZnPc
films deposited on PTCDA (figure 4.18) which show negligible evidence of ZnPc or PTCDA
after 80 minutes. This increased reaction rate may be a result of the change in orientation of
ZnPc molecules, the presence of PTCDA which itself contains oxygen or a combination of the
two. If orientation is responsible for the acceleration of film removal, ZnPc may be similarly
templated by copper iodide [162] and should demonstrate an equally increased rate of film
removal. If, however, the presence of PTCDA affects the rate by supplying oxygen from below
the ZnPc film, then depositing multiple alternating layers of ZnPc and PTCDA should increase
the rate further. A multilayer heterostructure was deposited and results are described later
(section 4.4). Deposition on copper iodide will be included in further work.
Figure 4.18: Absorption spectra of 100 nm ZnPc films grown on 20 nm PTCDA on glass,
irradiated for 0 - 90 minutes in 10 minute intervals. Inset shows region corresponding to
absorption by PTCDA
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Looking more closely at the absorption spectra, peak positions remain largely stable throughout
UV irradiation. As UV exposure time increases from 50 minutes, a shoulder becomes visible
on the higher energy side of the peak at 621 nm, at a wavelength of approximately 560 nm. A
peak at 567 nm (2.19 eV) in ZnPc has been reported and broadening of the Q band attributed
to Davydov or excitonic splitting [97] but without explanation for this transition itself, how-
ever, this shoulder is likely to contain some contribution from the charge transfer transition of
PTCDA observed at 554 nm in as-deposited PTCDA (figure 4.8). Absorption by PTCDA in
the region between 400 - 550 nm experiences a bathochromic shift as UV irradiation increases,
noticeable at 50 minutes, which is roughly in agreement with the point at which XRD results
suggest UV light begins to affect the PTCDA layer. The shift of almost 27 nm within the
PTCDA absorption region is much greater than that seen in the ZnPc pi−pi∗ transition at 713
nm. As the peak at 554 nm in the absorption spectrum of PTCDA corresponds to a charge
transfer transition and those at lower wavelengths to pi − pi∗ and vibronic transitions [16], the
change in the spectra seen suggests that intramolecular transitions are the first to be disrupted
when the PTCDA layer is reached, which is somewhat counter-intuitive.
Figure 4.19: Area under Q band of absorption spectra of ZnPc on PTCDA films integrated to
relate absorption to percentage of ZnPc film remaining
Unlike the absorption spectra for UV irradiated ZnPc films, the spectra here are not equally
spaced, implying a non-linear rate of film removal, in agreement with AFM roughness data.
146 Chapter 4. ZnPc and PTCDA as a Model System
To further examine film removal, the area under the Q band was integrated, as for ZnPc and
ZnTPP films in section 3.3.3 but integrating from 600 - 900 nm to avoid any contribution from
PTCDA (figure 4.19).
As the film is crystalline, it would be expected that the kinetics of film removal would be similar
to those for ZnPc films, however, the rate increases until 20 - 30 minutes when the rate becomes
linear with a film removal rate of 1.3 nm/minute as for ZnPc only films. The as-deposited AFM
image shows larger grains than for subsequent samples (figure 4.14) which would result in an
initially slower degradation, with an increasing rate of film removal in as-deposited film once
initial degradation allows further oxygen diffusion. Considering the as-deposited grain analyses
for both ZnPc films (figure 3.23) and ZnPc on PTCDA films, (figure 4.16), many grains may
have been identified more than once in the templated films and the peak to trough distance is
higher than for non-templated films. This may have the effect of an inaccurate assessment of
grain number or distribution and grains may be far fewer than given by the algorithm used.
With a significantly lower number of grains, the initial rate of film removal would not be
expected to reach 1.3 nm/minute and this is borne out in the rates seen from integration of the
Q band. Although the initial rate is lower than for ZnPc only films, the reaction is completed
earlier in templated films than in ZnPc only films as there is no residual ZnPc after 80 minutes.
From the orientation of ZnPc molecules in templated film and the consequential increased
absorption seen in as-deposited spectra, it was expected that the reaction would proceed at
a faster rate than for ZnPc films alone. However, once the reaction has progressed beyond
20 minutes, the rates are equivalent with the implication that the oxygen assisted mechanism
exerts a far greater influence than photon-assisted, as was concluded from studies in chapter 3.
The crucial difference with templated films appears to be the complete removal of film which
may be attributed to the presence of oxygen-containing PTCDA below the ZnPc layer whereas
a residual film of approximately 7% remained after 90 minutes of irradiation in non-templated
ZnPc films. As the AFM images show, deep fissures develop in the film after 60 minutes of
UV irradiation which may allow the initiation of PTCDA degradation before the film is fully
exposed, thereby providing excited oxygen species to layers of ZnPc that have not yet been
uncovered and completing the reaction.
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As for non-templated ZnPc, it was necessary to ascertain the validity of using absorbance
to determine the thickness of film remaining. Reflectance measurements show values of up
to 30% in the IR region which may affect absorption values (figure 4.20). It is interesting
that reflectance in this region drops significantly at 60 minutes, once the underlying PTCDA
layer begins to degrade. Reflection will occur not only from the surface of the heterostructure
and from the substrate, but also from the interface between ZnPc and PTCDA. The drop
in reflectance at 60 minutes therefore is in agreement with the view that degradation of the
ZnPc/PTCDA interface will reduce reflection from this interface
Figure 4.20: Reflectance measurements for films of ZnPc on PTCDA irradiated for 0, 30, 60
and 80 minutes
Comparison of absorbance and absorptance demonstrate the effect of reflectance on absorbance
which is non-zero in the infra-red region, whereas absorptance accounts for reflectance in calcula-
tions (figure 4.21). Integration of the Q band for both sets of spectra, avoiding the contribution
from PTCDA, gives results which lie within 6% of each other (figure 4.22). The percentage
of film remaining as determined from absorptance follows the same profile as for percentages
calculated from absorbance. Therefore, use of absorbance to determine the thickness of film
remains a valid method, even for ZnPc/PTCDA heterostructures.
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Figure 4.21: (a) Absorbance and (b) absorptance spectra for films of ZnPc on PTCDA irradiated
for 0, 30, 60 and 80 minutes
Figure 4.22: Percentage of ZnPc film remaining calculated by integration of the Q band of
absorbance and absorptance, avoiding any contribution from PTCDA
4.3.4 X-Ray Photoelectron Spectroscopy
XPS data were recorded for samples of ZnPc on PTCDA irradiated for 0, 20, 40, 60 and 80
minutes. The percentage composition of the films showed a reduction of carbon content from
80% to 30% and nitrogen content from 13% to 4% with an increase in zinc content from 5%
to 21% and oxygen content from 4% to 28% (figure 4.23). There was no change in silicon
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content until the last sample which had been irradiated for 80 minutes. As PTCDA is highly
unlikely to affect the XPS spectra until the ZnPc layer is close to being fully removed, the atomic
composition of samples treated with UV light within 0 - 60 minutes arises from the degradation
of the ZnPc film with associated removal of organic fragments and the incorporation of oxygen
with formation of zinc oxide. The initial ratio of zinc to oxygen by percentage composition is
1.2 in as-deposited film, dropping to 0.55 after 20 minutes as oxygen is incorporated into the
film. After 40 minutes, the ratio reaches 0.69 and stabilises at 0.73 for the remaining samples.
As carbon and nitrogen are removed, a higher proportion of surface material will be zinc and
the decreasing ratio of zinc to oxygen is an indication of a successful reaction with oxygen.
Figure 4.23: Atomic composition of UV treated films of ZnPc on PTCDA, determined by X-ray
photoelectron spectroscopy
Higher resolution spectra of carbon 1s binding energies show a decreasing intensity of peak
C1, corresponding to aromatic carbon atoms within benzene rings [128, 129], with a gradual
shift to higher binding energies as the overall shape broadens (figure 4.24). As UV irradiation
time increases, the intensity of peak C1 does not decrease to the same extent as for ZnPc films
(figure 3.36) which may be due to the presence of PTCDA which has 24 carbon atoms in each
molecule, 20 of which are aromatic but not bonded to oxygen. The broadening of the peak
profile is a result of carbon in the film reacting with oxygen to form C=O bonds with binding
energies in the region of 289 eV and may also be due to detection of carbon atoms within
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carbonyl groups in PTCDA once 50 minutes of irradiation time have elapsed [143,168].
Figure 4.24: XPS spectra of carbon for films of ZnPc on PTCDA, irradiated in UV light for 0
- 80 minutes in intervals of 20 minutes, offset for presentation purposes
Figure 4.25: XPS spectra of nitrogen for films of ZnPc on PTCDA, irradiated in UV light for
0 - 80 minutes in intervals of 20 minutes, offset for presentation purposes
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Higher resolution spectra of nitrogen 1s binding energies show a removal of nitrogen in agree-
ment with atomic composition data (figures 4.25,4.23).
Figure 4.26: XPS spectra of oxygen for films of ZnPc on PTCDA, irradiated in UV light for 0
- 80 minutes in intervals of 20 minutes, offset for presentation purposes
The position of the oxygen 1s peak does not change significantly as UV irradiation time increases
(figure 4.26). As the oxygen 1s binding energy in a C=O bond is 533 eV [135] and in a Zn-O
bond 531 eV [133], the binding energies recorded here could be due to either or both. The XPS
spectra of UV treated ZnPc films had similar well-defined peaks with a stable binding energy
(figure 3.36) and the formation of zinc oxide was confirmed by SIMS. As the only change in
ZnPc itself in the templated film is that of orientation, it is likely that the O 1s peaks seen here
also include a contribution from Zn-O bonds. However, PTCDA also contains oxygen whose
binding energies have been reported at 532.2 eV and 534 eV for the carbonyl and anhydride
oxygen atoms respectively [168]. The spectra taken for ZnPc on PTCDA show only one peak
which is closer to the carbonyl binding energy and this is the case even in the film which
has been irradiated for 80 minutes, by which time the PTCDA layer has been reached. This
suggests that the anhydride bonds must break too rapidly when exposed to either UV light or
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excited oxygen species and are therefore not detected in the oxygen spectra.
Figure 4.27: XPS spectra of silicon for films of ZnPc on PTCDA, irradiated in UV light for 0
- 80 minutes in intervals of 20 minutes, offset for presentation purposes
The Si 2p spectra show a peak at binding energy 102.5 eV which gradually shifts to higher
binding energies of up to 104 eV as UV treatment time increases and a new peak appears at
a binding energy of 99.8 eV (figure 4.27). This new peak is only present in the film which has
been irradiated for 80 minutes and is a consequence of sufficient removal of material to expose
the substrate, whereas the peak at 102.5 eV is due to surface contamination. The Si 2p peak
was not seen in ZnPc only films at this intensity and was only recorded at 99.8 eV once 90
minutes of irradiation had elapsed.
4.4. Multilayer Structures Employing PTCDA to Assist in the Formation of Oxide 153
4.4 Multilayer Structures Employing PTCDA to Assist
in the Formation of Oxide
As PTCDA may enhance the rate at which ZnPc degrades, multilayers of ZnPc and PTCDA
were deposited, beginning with an initial templating film of 20 nm of PTCDA, followed by 10
nm of ZnPc then alternating 10 nm of PTCDA with 10 nm ZnPc until the total depth of ZnPc
deposited amounted to 100 nm, finishing with ZnPc (figure 4.28). As PTCDA contains oxygen,
the aim was to determine whether layering ZnPc with a comparatively oxygen rich layer would
reduce the irradiation time required to degrade ZnPc and form zinc oxide.
Figure 4.28: Schematic showing construction of multilayer structure with a total of 100 nm of
ZnPc and 110 nm PTCDA
The films were irradiated for 0, 20, 40, 60 and 90 minutes using the standard conditions specified
in earlier sections. In addition, one sample was irradiated in an atmosphere of nitrogen only, at
3.0 mbar to allow determination of the extent to which PTCDA contributes oxygen. Absorption
spectroscopy and XRD were used to analyse the results.
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4.4.1 UV-Visible Absorption Spectroscopy
Figure 4.29: Absorption spectra of ZnPc/PTCDA multilayer films irradiated in UV light
From the absorption spectra of as-deposited film in figure 4.29, it is possible to identify con-
tributions from both PTCDA and ZnPc by comparison with spectra of individual component
films. The charge transfer exciton transition observed at 554 nm in PTCDA (figure 4.8) can
be seen as a shoulder to the higher energy peak at 621 nm in the Q band of ZnPc observed
previously (figure 3.30a). As there is now a total of 110 nm of PTCDA in the multilayer film,
the contribution to absorption in this region will be significant and overlap with the absorption
by a transition at 567 nm reported in ZnPc [97]. Vibronic transitions within PTCDA are re-
sponsible for the broad peak at 477 nm, a lower energy than the 484 nm previously measured
for a 20 nm film (figure 4.8) and the breadth of the peak is due coexistence of both α and β
modifications of PTCDA as the peaks in the absorption spectra of these phases differs slightly
in energy [163]. Both peaks in the Q band of ZnPc demonstrate hypsochromic shifts from non-
templated ZnPc films (figure 3.30a), contrary to shifts observed in the film of 100 nm ZnPc on
20 nm PTCDA (figure 4.9), where wavelengths for both peaks increased slightly.
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Figure 4.30: Area under the Q band integrated from 600 - 900 nm to determine percentage of
ZnPc film remaining in multilayer films. Red data point correspond to film irradiated without
oxygen
From the absorption spectra, it is clear that layering ZnPc with PTCDA significantly accelerates
the rate of film removal, with minimal absorption due to ZnPc visible after 40 minutes of
irradiation (figure 4.29). As the impact of templating was found to affect the rate of film
removal to a limited extent earlier, this increase in reaction rate is due to the oxygen content
within PTCDA molecules rather than a change in orientation of ZnPc. This is verified by
the absorption spectrum of the film which was irradiated for 90 minutes in nitrogen only as
degradation occurred to the same extent as for a multilayer film irradiated for 20 minutes in
standard conditions with a partial pressure of oxygen of 1.8 mbar. Integration of the area
under the Q band between 600 - 900 nm to avoid PTCDA contributions confirms the impact of
PTCDA (figure 4.30), indicating the rapid removal of nearly all the ZnPc within 40 minutes, in
comparison with ZnPc only films which require 90 minutes of irradiation to achieve the same
effect and ZnPc films deposited on PTCDA which require the slightly lower time of 80 minutes.
Without oxygen in the chamber, ZnPc degradation still exceeds 50%. In the case of ZnPc only
films, it was demonstrated that the presence of oxygen in the chamber greatly increased the
rate of the reaction, also contributing oxygen for the formation of zinc oxide (figure 3.29). As
the presence of PTCDA alone, without oxygen in the chamber, results in only a slightly higher
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percentage of film removal than for ZnPc in nitrogen, the presence of excited oxygen species
are clearly vital for the reaction, regardless of oxygen containing molecules in the film.
4.4.2 X-Ray Diffraction
(a) (b)
Figure 4.31: (a) X-Ray diffractograms of multilayer films irradiated for 0, 20, 40, 60, 90 minutes
in standard conditions and 90 minutes in nitrogen offset for presentation purposes and (b) higher
resolution X-ray diffractograms of multilayer film as-deposited and irradiated for 60 minutes,
offset for presentation purposes
XRD data were recorded for an as-deposited multilayer film and for a film irradiated for 20,
40, 60 and 90 minutes in standard conditions and for 90 minutes in nitrogen (figure 4.31a).
The data for the pristine film shows a broad peak at 27.8° corresponding to diffraction from
the (11-2) plane of ZnPc and the (10-2) plane of β-PTCDA. However, the shoulder at 27.2°
suggests that a proportion of PTCDA exists in the α modification. This is expected as the
absorption spectrum showed a broadening of the peak corresponding to vibronic transitions in
PTCDA as a result of the coexistence of both phases. The intensity of the peak in as-deposited
film is only approximately 500 counts in contrast with films of 100 nm ZnPc deposited on 20
nm PTCDA where the diffraction peak intensity reaches over 7000 counts (figure 4.6) and is
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a consequence of the reduced average crystallite size. Deposition of alternating layers of 10
nm thickness prevents the development of larger grain sizes and the broadening of the peak is
an indication of a reduced ordering. Irradiated films show progressively less evidence of either
ZnPc or PTCDA. The broad peak resolves into separate peaks at 27.8° and 28.8° after 20
minutes of UV treatment and the peak at the higher angle is still visible in the 40 minute and
90 minute samples.
The high resolution data for a multilayer film irradiated for 60 minutes shows no evidence of
either PTCDA or ZnPc remaining in agreement with absorption spectra which showed a near-
complete removal of film at 40 minutes (figure 4.31b). Furthermore, the XRD data for the film
irradiated for 90 minutes in nitrogen shows a degree of degradation similar to that for the film
irradiated for 20 minutes in oxygen, also in agreement with data from absorption spectra
4.5 Conclusions
PTCDA was combined with ZnPc to create a simple model system for multi layer organic de-
vices. As a molecule frequently employed for electronic purposes, its well-researched properties
and characteristics made it an ideal choice to determine the effect on organic layers below the
precursor layer in a device. Furthermore, deposition of metal phthalocyanines on an initial
layer of PTCDA result in the templating of the precursor layer, with a change in molecular
orientation from normal to parallel to the substrate and this effect provides an opportunity to
investigate the impact of orientation on film degradation. Lastly, the UV method for oxide
formation employs UV light and oxygen to fragment the organic macrocycle resulting with the
formation of metal oxide and removal of carbon and nitrogen. Use of an oxygen containing
molecule such as PTCDA may provide an additional route for oxide formation. Comparison of
the effect of the UV process on these heterostructures with the results in chapter 3 will shed
light on the questions posed above.
Templated films of ZnPc on PTCDA have been fully characterised using XRD, AFM, XPS
and absorption spectroscopy and indexed correctly for the first time to examine the effect on
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previously deposited organic layers. Throughout the UV treatment of these bilayer films, the
crystalline appearance was retained, as for ZnPc films. Roughness increased, to the same extent
as for ZnPc films but initially at a slower rate due to a slightly larger grain size presenting fewer
grain boundaries for diffusion of excited oxygen species. As the reaction with heterostructures
neared completion, initiation of PTCDA degradation created deep troughs and a corresponding
steep increase in roughness.
XRD results detected no ZnPc after 60 minutes, whereas for ZnPc only films, the precursor was
still visible at 80 minutes. The PTCDA layer remained intact until shortly before full ZnPc
removal, when a decrease in intensity of the peak corresponding to the (10-2) plane indicated
the onset of PTCDA degradation which was completed within 80 minutes. These observations
regarding PTCDA were mirrored by XPS data which showed a reduction of carbon and zinc
content by 60 - 70% and an increase in oxygen content by over a factor of 7. Aromatic carbon
atoms in ZnPc were the first to react, with some subsequently forming carbonyl bonds as
inferred from the carbon 1s spectra. The lack of observed binding energies in the oxygen 1s
spectra corresponding to anhydride groups contained in PTCDA support the view that PTCDA
was rapidly removed once ZnPc had degraded and suggest that it was these bonds which reacted
first. The deep troughs seen in AFM images are likely to be a consequence of PTCDA removal
and are the origin of the silicon peak measured at 99.8 eV upon exposure of the substrate.
The rate of ZnPc removal in bilayer films determined by integration of the Q band of absorption
spectra was equal to the rate for ZnPc films once a linear regime had been reached. Therefore,
oxygen within the chamber exerts a major influence in the formation of zinc oxide and removal
of organic fragments as determined in chapter 3 regardless of templating. From the absorption
spectra, it was clear that PTCDA remained largely unaffected until 40 minutes of irradiation
had elapsed, at which point approximately 50% of ZnPc remained. This suggests that the
effect of UV light and oxygen is manifested 50 nm below the surface of a film of ZnPc and does
not occur following a layer-by-layer process. The impact of surface roughness was explored in
chapter 3 and confirmed that the reaction took place within the depth of the film. Although
approximately 18% of incident UV light will penetrate through 50 nm of ZnPc (figure 3.3), it
is the diffusion of oxygen which results in film degradation and oxide formation. From this, we
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are able to construct a model for the reaction which is depicted in figure 4.32.
(a) (b) (c)
Figure 4.32: Schematic of action of UV light and oxygen on templated ZnPc films on PTCDA
(a) at 0 minutes, UV light and oxygen affect the uppermost layers of the ZnPc film, (b) at
40 minutes, the effect of UV light and oxygen is manifest throughout a depth of 50 nm and is
approaching the PTCDA layer and (c) at 50 minutes the PTCDA layer is affected
The minimal amount of ZnPc remaining following UV irradiation of heterostructure films com-
pared to residual levels in ZnPc films may be attributed to the degradation of PTCDA follow-
ing the removal of the majority of precursor film, allowing another route for oxygen diffusion,
thereby completing ZnPc removal in a shorter time than for ZnPc films. This effect was further
explored in the multilayer film in which 100 nm of ZnPc and at least 80 nm of PTCDA were
fully removed within 40 minutes, demonstrating a greatly accelerated rate of degradation and
the potential for optimising the UV process by careful choice of oxygen-containing precursors.
Templated and non-templated ZnPc films have been shown to degrade at equivalent rates once
the linear regime has been reached from which we can conclude that orientation does not affect
film removal, despite the alignment of the molecular electronic dipole with the electric field of
incident light in the case of templated films as oxygen is the major factor in the process.
Summarising, the use of PTCDA with ZnPc as a model for a multi layer organic system has
been successful in demonstrating that the integrity of neighbouring layers is maintained until
the precursor film is approximately 50% degraded. Templating has been shown to have minimal
effect on the rate with which the UV process is completed and this method may therefore be
reliably applied regardless of orientation. The inclusion of oxygen containing molecules such
as PTCDA significantly increases the rate of film degradation and provides the opportunity to
exploit room temperature UV assisted oxide formation by a judicious choice of molecule to be
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codeposited or alternately deposited with the precursor.
Chapter 5
Combining Nanosphere Lithography
with the UV Process
The work in this chapter was carried out in association with Masters student Lucille Chambon
and the majority of AFM data was collected by Dr Victoria Bemmer.
The oxygen assisted UV process results in the formation of metal oxides from metalorganic
precursors and offers an opportunity to employ differences between the precursor material and
the end product for a variety of purposes. Here, we investigate the possibility of creating nanos-
tructured arrays of ZnPc, zinc oxide and air via nanosphere lithography (NSL), for exploitation
of changes in optical characteristics to produce photonic structures.
Lithographic techniques include photolithography, where an optical source is used to pattern
light sensitive chemicals to form a mask, allowing formation of patterns on the material un-
derneath. Frequently employed for production of integrated circuits, it is an inexpensive route
to large area patterning only suitable for thinner structures. Electron beam lithography allows
the creation of structures with resolution as little as 10 nm but does not lend itself to large
area production due to expense [169,170]. Dip-pen nanolithography uses an AFM tip and the
capillary action of chemicals to write patterns with a linewidth resolution of approximately 30
nm but is also not suitable for larger areas [171]. Other nanostructure fabrication methods
include focussed ion beam micromachining and deposition which use liquid metal ion sources
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such as those employed in SIMS to provide control down to 10 nm [172]. Nanosphere, or col-
loidal, lithography, however, is a versatile, inexpensive method applicable to larger areas. First
used to create a platinum template for contact imaging [173], it relies on the self-assembly of
colloidal nanospheres (NS) to form a mask through which material is deposited.
NSL may be used as a method to produce structures employable as outcouplers for OLEDS to
decrease the light lost through total internal reflection and waveguiding in substrates [174], as
solar concentrators in solar cells and for optical coatings such as antireflection films but has
the disadvantage of introducing defects into an array in the form of dislocations, aggregations,
multilayers and voids in nanosphere monolayers. The method used here minimises the formation
of these defects [175].
Figure 5.1: Examples of nanostructures possible using nanosphere lithography (a) Field emis-
sion scanning electron micrographs of angle resolved NSL-fabricated nanoparticle arrays (A1 -
D1) and images with simulated geometry superimposed (A2 - D2) at 40k magnification [20],
scanning electron microscope pictures of (a) ordered iron nanorings evaporated over an annealed
540nm PS latex mask and (c) rodlike apertures in stretched and subsequently annealed 540nm
PS latex mask (A), and hcp-ordered iron nanorods evaporated through this mask (B) [21].
Typically, NSL involves the deposition of polystyrene (PS) or silica nanospheres as two di-
mensional hexagonal close-packed (hcp) arrays, forming a mask through which material is
deposited to create nanostructured arrays. Deposition of material through the interstitials of
the nanospheres from a direction normal to the mask will produce arrays of nanosized triangu-
lar structures. The orientation of deposition angle may be varied and the mask heated to effect
a change in morphology to create crescents or rings [20, 21] and the method may be combined
with other techniques, photolithography, for example [176], to widen the potential further to
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include an almost limitless range of nanostructures (figure 5.1). The nanosphere mask may be
modified not only by heating [21] but also by etching or by oxygen plasma treatment to induce
changes in nanosphere size or profile [177,178]. The impact of this on nanostructure formation
using UV light and oxygen is discussed later in this chapter.
Deposition of metal nanostructures has great importance in the field of plasmonics as the size
and distribution of arrays may be tuned to select specific wavelengths of light with which
surface resonance effects are produced. At its simplest, electrons within metal nanospheres
redistribute upon the application of an external electric field in the form of light. The size
and distance of the metal spheres determines which wavelengths are absorbed and which are
scattered. Combination with fluorophores (fluorescent chemical compounds) results in metal
enhanced fluorescence [179]. Application of NSL to create metal nanoparticle arrays linked
with fluorophores to be used as biosensors is a highly active area of research [180].
The method employed here is water buffer based transfer NSL, a modification of a procedure
reported in the literature [175]. A 10% w/v solution of polystyrene (in deionised water with
sodium azide and surfactant sodium dodecyl sulphate, purchased from Bangs Laboratories Inc.,
USA) is mixed with an equal volume of ethanol to facilitate suspension of the nanospheres on
water and sonicated briefly. Silicon wafer substrates used to transfer nanospheres and substrates
for subsequent deposition of nanospheres are first cleaned in a UV ozone chamber for 30 minutes
to increase the surface energy, favouring monolayer formation. Drops of the NS solution are
applied to the transfer wafers, held above deionised water, at an angle slightly greater than
normal to the meniscus with the lower end slightly submerged in the water. As the drops slide
down the silicon towards the water, the increased surface energy of the silicon results in the
drop spreading laterally over a greater area, promoting the formation of NS monolayers over
aggregated clusters on the surface of the wafer. The NS coated silicon is allowed to dry before
gently immersing in fresh deionised water where monolayers are transferred from the wafer to
the water surface and aggregated nanospheres and multiple layers sink to the bottom. The
wafer is fully submerged in the water and carefully brought out on the other side of a buffer
bar. The buffer bar is simply a sleeving of rubber mounted on a rod and placed at the surface
of the water to prevent the transfer of disturbances to monolayers when the wafer is extracted.
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This process is repeated until the monolayer on the surface of the water is sufficiently large and
well formed.
Prior to deposition of nanosphere monolayers on substrates, approximately 2-4 µl of a 2% w/v
solution of sodium dodecyl sulphate solution, a surfactant, is added around the edges of the
container in which the monolayers have formed. This reduces the surface tension, encourag-
ing any separate regions of monolayers to coalesce, forming one single monolayer. A cleaned
substrate is inserted into the water on the opposite side of the buffer bar before gently ma-
noeuvring it under the monolayers and gradually removing it from the water, maintaining a
nearly horizontal orientation. The substrates are left to dry overnight at a 45° angle. Removal
of nanospheres is by either sonication in ethanol, ozone treatment or with adhesive tape. The
latter is the method used here as ZnPc will dissolve in ethanol and ozone is likely to affect
results.
Figure 5.2: Schematic of nanosphere lithography on ZnPc films (a) deposition of nanospheres
on a film of ZnPc, (b) top view, (c) pillars of ZnPc surrounded by a layer of zinc oxide formed
after UV irradiation and removal of nanospheres, (d) top view. Distance a is expected to be
200 nm, 500 nm and 800 nm for 200, 500 and 800 nm nanospheres respectively
There are several possible routes which may be used to create nanostructured arrays using
NSL with ZnPc, the first of which is deposition of nanospheres on a film of ZnPc, followed by
UV irradiation in oxygen and subsequent removal of the nanosphere mask (figure 5.2). The
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expected result would be cylinders of ZnPc surrounded by a thinner layer of zinc oxide.
The dimensions of features expected to form is easily determined from the geometry of the
nanosphere array (figure 5.3). For nanospheres of diameter, d, the perpendicular height, h, of
the triangular structures is given by
h =
3
2
(√
3− 1− 1√
3
)
d ≈ 0.233d (5.1)
The distance between the nanoparticles formed, dnp, is given by
dnp =
1√
3
d ≈ 0.577d (5.2)
Figure 5.3: Dimensions of triangular nanostructures formed using NSL
Another route is the deposition of ZnPc over a monolayer of nanospheres followed by removal
of the NS mask (figure 5.4). In contrast to deposition of the mask on top of ZnPc, this method
would be expected to create an array of triangular ZnPc nanostructures in air.
Both these options are explored in this chapter, firstly establishing the suitability of ZnPc films
for nanosphere lithography before assessing the quality of nanosphere monolayers formed on
glass for a selection of NS diameters. As oxygen plasma is frequently used to modify the mor-
phology of NS masks, the effect of UV light and oxygen on PS nanospheres is determined before
choosing a single size of NS to create the nanostructured arrays. Scanning electron microscopy
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and atomic force microscopy are used to examine morphological changes and absorption spec-
troscopy to determine the amount of ZnPc remaining following removal of the mask, neglecting
any effects of reflectance.
Figure 5.4: Schematic of nanosphere lithography directly onto the substrate (a) deposition of
nanospheres on the substrate, (b) subsequent deposition of ZnPc film, (c) triangular nanos-
tructures formed by removal of nanospheres, (d) top view showing array of triangular ZnPc
nanostructures. Distance a is expected to be 200 nm, 500 nm and 800 nm for 200, 500 and 800
nm nanospheres respectively
5.1 Results: Feasibility Studies for the use of Nanosphere
Lithography with ZnPc and the UV Process
NSL is routinely carried out on silicon, glass and mica substrates but has so far not been tried
on ZnPc films which may be too hydrophobic to allow adherence of a monolayer of nanospheres.
The hydrophobicity is assessed by measurement of contact angle. Nanospheres of different sizes
are deposited on glass and irradiated with UV light in the presence of oxygen to determine the
optimum combination of NS size and ZnPc film thickness.
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5.1.1 Suitability of ZnPc for Nanosphere Lithography
If ZnPc films exhibit a high contact angle with water, it may not be possible to deposit
nanospheres on the film. Contact angle measurements of 100nm and 200 nm films of ZnPc
were taken using a Dataphysics Contact Angle System OCA 15Pro (table 5.1).
Table 5.1: Contact angle measurements of ZnPc film
ZnPc film thickness Contact angle
(nm) (°)
100 86± 2
200 99± 5
Native silicon dioxide layers on silicon substrates have a contact angle very close to zero [181]
whereas the slides used in our experiments, VWR soda-glass slides, have a contact angle between
5 - 30°, depending on the cleaning method used [182]. Both these angles are considerably less
than that measured for ZnPc, even the 100 nm film which has contact angle of 86°, lower
than that of a 200 nm film. ZnPc films are therefore far less hydrophilic than silicon or glass
substrates and this may cause problems when attempting to form monolayers of nanospheres.
5.1.2 Monolayer Formation on Glass
Monolayers of 200, 500 and 800 nm nanospheres were deposited on glass and scanning electron
microscopy used to assess the quality of the monolayers formed (figure 5.5). The 200 nm
nanospheres have formed small monolayer domains with many voids and areas with multiple
layers. The 800 nm nanospheres do have much larger domains of monolayers but the 500 nm
NS have formed the greatest areas of close-packed nanospheres.
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Figure 5.5: Monolayers on glass: (a) 200 nm NS, (b) 500 nm NS and (c) 800 nm NS. Defects
such as voids, dislocations and aggregations are indicated
Higher magnification SEM images of the monolayers show the regular hcp arrangement expected
(figure 5.6), however, the sample with 200 nm spheres contains a high number of defects.
Assuming full coverage of the substrate with a monolayer of hexagonally close-packed spheres
(equivalent to a monolayer of cubic close packed spheres), only 21.5% of the ZnPc film will
be exposed to UV irradiation, providing a guideline for assessment of the extent of ZnPc
degradation during the UV process.
Figure 5.6: SEM images of monolayers on glass: (a) 200 nm NS, (b) 500 nm NS and (c) 800
nm NS
UV-visible absorption spectra of the monolayers on glass were recorded (figure 5.7). 200 nm
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spheres show very little absorption, apart from in the UV region below 300 nm. The 500 nm
spheres, however, exhibit absorption maxima at 338, 531 and 665 nm with maxima at 414,
458 and 929 nm for the 800 nm spheres. The regular array of spheres acts a two dimensional
photonic structure with transmittance and absorbance at preferential wavelengths.
Figure 5.7: Absorption spectra of 200nm, 500 nm and 800 nm nanospheres deposited on glass
The interaction with light is dependent on the effective refractive index, neff . For our films
with 500 nm spheres, neff may be calculated using the volume fractions of components, i, in
the film:
n2eff =
∑
n=i
n2iφi (5.3)
giving an effective refractive index of neff = 1.46 for our close packed polystyrene spheres
(φi = 0.74) with a refractive index of 1.59 for polystyrene [183], regardless of sphere radius.
The irregularity of monolayer distributions in the film will result in not only broadening of
absorption peaks but also a shift in the effective refractive index. A sparser distribution of
spheres would have the effect of blue shifting peaks.
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5.1.3 The effect of UV Light and Oxygen on Polystyrene Nanospheres
Oxygen plasma is routinely used to modify PS masks through reaction with O+2 , O
-
2, O3, ionised
ozone, free electrons and other excited oxygen species [178, 184]. Furthermore, irradiation
of PS with VUV light at 172 nm in air results in photolysis of the polymer backbone and
oxidation of the surface [185].The morphology of the NS monolayer is therefore likely to be
affected during UV treatment which results in the formation of similar excited oxygen species
(equations 3.2a,3.2b) and the choice of NS used will depend on the extent to which it is affected
by UV light and oxygen. Monolayers of 200, 500 and 800 nm nanospheres on glass were
irradiated in oxygen for 60, 80 and 100 minutes respectively in 20 minute intervals and any
erosion of the polystyrene evaluated using SEM.
Figure 5.8: SEM images of monolayers of 200 nm spheres on glass, irradiated in standard
conditions for: (a) 0 minutes, (b) 20 minutes, (c) 40 minutes and (d) 60 minutes
The 200 nm spheres suffer heavy erosion of material during UV treatment. As full reaction of
100 nm ZnPc requires 80 - 90 minutes, the sensitivity of PS to UV light and oxygen makes these
nanospheres unsuitable for use other than for comparison. 500 nm and 800 nm spheres show
less impact from degradation of the polymer due to their larger initial diameter (figure 5.9,
5.10). For all sizes, there is a gradual removal of material of the spheres. As the size decreases
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with increasing UV irradiation time, some material appears to form links between the spheres.
For 200 nm spheres, this occurs between 20 - 40 minutes, between 40 - 60 minutes with 500 nm
spheres and between 40 - 60 minutes with 800 nm spheres. The formation of links continues until
the spheres are too far apart. Particle diameters were measured using ImageJ, an open source
image processing program. This was only possible if the nanospheres were clearly defined with
no linkages in which case, measurements taken manually. The variation of particle diameter
with UV treatment time is shown in figure 5.11a.
Figure 5.9: SEM images of monolayers of 500 nm spheres on glass, irradiated in standard
conditions for: (a) 0 minutes, (b) 20 minutes, (c) 40 minutes, (d) 60 minutes and (e) 80
minutes
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Figure 5.10: SEM images of monolayers of 800 nm spheres on glass, irradiated in standard
conditions for: (a) 0 minutes, (b) 20 minutes, (c) 40 minutes, (d) 60 minutes, (e) 80 minutes
and (f) 100 minutes
The SEM images demonstrate a significant decrease in the coverage of film by 500 nm NS by
60 minutes UV irradiation time and by 80 minutes for 800 nm spheres. The area of ZnPc film
remaining masked by the spheres is plotted in figure 5.11b and shows that although 500 nm
spheres suffer a decrease in size, the proportion of area remaining covered is higher than for 800
nm spheres. Furthermore, 500 nm spheres have been shown to form larger domains of mono-
layers and are therefore the most promising candidates for NSL. However, as the polystyrene
will not withstand extended periods of irradiation in oxygen, the formation of arrays of ZnPc
and zinc oxide nanostructures is more likely to be achieved using a thinner film which requires
less irradiation time. ZnPc films of 50 nm are therefore used. From data collected in chapter 3,
a 100 nm film of ZnPc will take approximately 80 minutes to fully react, therefore, the 50 nm
film would be expected to degrade within approximately 40 minutes, assuming no change in
the UV lamp output. Coverage by 500 nm spheres will drop from 65% to 45% during this time.
Hereafter, all ZnPc films referred to are of 50 nm thickness unless otherwise stated.
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(a) (b)
Figure 5.11: Effect of UV irradiation on nanosphere size at standard conditions: (a) variation
of particle diameter and (b) impact on coverage of ZnPc film
Absorption spectra of 500 nm spheres before and after irradiation for 40 minutes do indeed
show a blue shift in peak positions for the two peaks at higher wavelengths, as expected from
equation 2.2, despite reflectance contributions being disregarded (figure 5.12). This is not the
case for the peak at 338 nm which is shifted to longer wavelengths. Interestingly, absorbance has
increased in the region below 500 nm, coinciding with the B band in the absorption spectrum
of ZnPc.
Figure 5.12: Absorption spectra of 500 nm NS monolayer films before and after irradiation in
standard conditions for 40 minutes
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Finally, SEM images of 200 nm NS after 40 minutes of irradiation were taken from the sample
edge to provide a side view of the spheres (figure 5.13) and show that UV treatment has resulted
in a flattened profile. This may affect the diffusion of oxygen into ZnPc shielded by nanospheres,
however, the profile is still sufficiently raised to allow removal of the mask using adhesive tape.
Figure 5.13: SEM images of monolayers of 200 nm spheres on glass, irradiated in standard
conditions for 40 minutes, taken from the side to highlight the modified profile of the spheres
5.2 Results: Arrays Formed by Deposition of ZnPc on
Nanosphere Monolayers
To create arrays of triangular ZnPc nanostructures, 50 nm films of ZnPc were grown on mono-
layers of 200, 500 and 800 nm nanospheres on glass.
5.2.1 Atomic Force Microscopy Imaging of ZnPc Deposited on Nanosphere
Monolayers
Once ZnPc has been deposited on the monolayers, the gaps observed between nanospheres
in monolayers on glass (figure 5.25) are no longer distinguishable (figure 5.14, 5.15). The
nanospheres are regularly arranged and line profiles taken from samples of ZnPc on 200 nm
nanospheres indicate a distance of approximately 40 nm from peak to trough between the
spheres. Although the spheres themselves are 200 nm in diameter, much of the space between
the spheres has been filled by deposition of ZnPc
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Figure 5.14: AFM images of ZnPc deposited on monolayers of 200 nm nanospheres with line
profiles taken as indicated on the images
A line profile taken from the AFM image of ZnPc on 800 nm nanospheres gives a peak to
trough distance of approximately 130 nm, considerably smaller than the nanosphere height
(figure 5.15). The single nanosphere shown has a height of 250 nm. As only 50 nm of ZnPc are
deposited on top of the nanospheres, this suggests that the spaces between the spheres are not
filled with ZnPc before the gap between spheres accumulates enough ZnPc to close. Grains of
crystalline ZnPc are just distinguishable on the surface of the nanosphere. What is particularly
noticeable in this film is the hexagonal appearance spheres have taken on upon deposition of
ZnPc as a result of the smallest gaps between spheres becoming occluded. A vacancy has
been highlighted in red and the ZnPc has deposited, unevenly though the void. The spheres
themselves cast a shadow on the areas beneath them and ZnPc has deposited between the
spheres surrounding a void, without accumulating directly below them, resulting in the uneven
film growth seen, as shown in the schematic below (figure 5.16). Line profiles taken across the
void yield a depth of approximately 80 nm.
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Figure 5.15: AFM images of ZnPc deposited on monolayers of 800 nm nanospheres with line
profiles taken as indicated on the images and a void left by an absent nanosphere indicated in
red
Figure 5.16: Schematic to show deposition of ZnPc into a void created by absence of a
nanosphere
5.2.2 Atomic Force Microscopy Imaging Following Removal of Nanosphere
Monolayers
AFM images were taken of ZnPc films deposited on monolayers of 200, 500 and 800 nm
nanosphere monolayers following removal of the nanospheres.
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Figure 5.17: AFM images of ZnPc deposited on monolayers of 800 nm nanospheres and the
nanospheres removed: (a) a 10µm image and a line profile taken where indicated, (b) a 2.5 µm
image showing triangular structures and a 3D view and (c) a 1.5 µm image with a line profile
taken as shown
Removal of the 800 nm nanospheres left a regular hexagonal array of dark circles, easily identi-
fied in figure 5.17a. These are areas which were shielded from ZnPc deposition by nanospheres
subsequently removed, as is clear from the topography in the region and the line profile taken
across a row of raised features. The height of these prominent features is between 40 - 50 nm
and is therefore a result of ZnPc deposition in voids where there were no nanospheres present
during deposition. Other features are more clearly observed in higher resolution images. Sur-
rounding each circular region bare of ZnPc are 6 roughly triangular structures which are the
ZnPc nanostructures expected to form at the interstices of the nanosphere array. The average
distance between neighbouring triangular structures is 430± 20 nm which is very close to the
distance dnp = 462 nm given by equation 5.2 confirming that these triangular structures are
indeed those we aimed to create. At the centre of each circle is a raised point which may be due
to residual polystyrene remaining at the point of contact between the nanosphere and substrate
when the mask was removed. The distances between these raised points is approximately 800
nm, corresponding well to the sphere diameter. The 3D view shows the relative positions and
178 Chapter 5. Nanosphere Lithography
heights of PS residue and triangular nanostructures more clearly.
The diameter of circles left bare by nanospheres was expected to be 800 nm, however, they
measure 570± 40 nm, demonstrating that the nanospheres do not effectively shield the region
below during deposition of ZnPc and diffusion of ZnPc occurs beneath the spheres. Assuming
that ZnPc was effectively deposited between the spheres, the height of triangular nanostructures
would be 50 nm. Measurement of a range of line profiles as shown in figure 5.17c yields an
average height of 24 ± 11 nm which may be due to the increased width as a result of ZnPc
diffusion laterally below the spheres. Interestingly, the triangular structures have a dimple at
the centre which suggests that either ZnPc deposits preferentially on silicon and polystyrene,
rather than itself or that the aperture through which ZnPc must flow is small enough to affect
the flow direction.
AFM images of structures observed after removal of 500 nm spheres repeat findings from AFM
images from 800 nm monolayer films (figure 5.18). There are some very prominent features
visible on the left of the image in figure 5.18a with a height of 510 ± 20 nm and these are
clearly 500 nm spheres which have not been removed. As for results from 800 nm nanospheres,
this image also has evidence of voids in which ZnPc has deposited, giving a height greater
than the majority of the film once the nanospheres are removed. The morphology of the
triangular structures is much clearer with 500 nm nanospheres and measurement across those
in figure 5.18b gives a height of 12± 4 nm, much smaller than those measured in the previous
images. Furthermore, the dimple seen in the centre of the triangular structures is far more
conspicuous from which it may be inferred that the flow of ZnPc is indeed disrupted by a
narrow aperture through the interstices of the hexagonal nanosphere array as the effect is
enhanced as the vertical height of the triangles, h, as shown in figure 5.3 decreases from 186 nm
with 800 nm nanospheres to 117 nm with 500 nm nanospheres (equation 5.1).
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Figure 5.18: AFM images of ZnPc deposited on monolayers of 500 nm nanospheres and the
nanospheres removed: (a) a 10 µm image with polystyrene nanospheres remaining, (b) a 2.25 µm
image showing triangular structures and a 3D view and (c) a 0.8 µm image focusing on the
structures formed around one nanosphere
Measurement of several circles bare of ZnPc in figure 5.18b gives an average diameter of 380±40
nm which is again less than the diameter of the nanospheres used. The distance measured
between neighbouring triangular features is 280 ± 10 nm, very close indeed to the distance,
dnp = 289 nm predicted by equation 5.2. The 3d view highlights the regularity of the array
of features and with figure 5.18c shows clearly the effect of a narrow aperture on deposition of
ZnPc between spheres as the dimples in the triangular structures is very well-defined, with an
appearance similar to hollow cylinders. Interestingly, the features considered to be polystyrene
residue observed in films after removal of 800 nm spheres (figure 5.17) are not reproduced
faithfully here. The region exposed by removal of 500 nm spheres now contains a ring, rather
than a spot. This suggests that the ring is in fact an accumulation of ZnPc at the base of
the sphere and that little polystyrene remained on the surface after nanosphere removal. The
reason for this is unclear but the distances separating the rings are approximately equal to 500
nm, the diameter of spheres used.
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Images of structures formed by deposition of ZnPc on 200 nm nanosphere monolayers following
removal of the spheres show far less regularity than with either 500 or 800 nm nanospheres
(figure 5.19). Many areas where nanospheres remain are visible in figure 5.19a and line profiles
such as that shown at the bottom of the image indicate a height in excess of 70 nm which
confirms that these features are the result of residual nanospheres and not from deposition of
ZnPc in voids. Such voids are more clearly seen in figure 5.19b where a line has been drawn
through a row on the right hand side of the image. The height of these features is between
20 - 30 nm. It was not possible to image any circular or triangular features due to the poor
regularity of the films and the high number of nanospheres and voids.
Figure 5.19: AFM images of ZnPc deposited on monolayers of 200 nm nanospheres and the
nanospheres removed: (a) a 5 µm image with polystyrene nanospheres remaining and (b) a
5 µm image with ZnPc deposited in voids highlighted by line profile 1
5.2.3 Absorption Spectra of ZnPc Deposited on Nanosphere Mono-
layers
Absorption spectra of ZnPc deposited on nanosphere monolayers were recorded and compared
to those of constituent films and of nanospheres deposited on ZnPc (figure 5.20).
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Figure 5.20: Absorption spectra of films of (a) 200 nm NS monolayers on ZnPc and ZnPc
deposited on 200 nm NS monolayers, (b) 500 nm NS monolayers on ZnPc and ZnPc deposited
on 500 nm NS monolayers, (c) ZnPc deposited on 800 nm NS monolayers and constituent
components. Guides to the eye drawn at wavelengths corresponding to absorption peaks of
ZnPc
ZnPc deposited on 200 nm NS displays more characteristics arising from the absorption spec-
trum of ZnPc than when nanospheres are deposited on ZnPc (figure 5.20), in particular, the
peak in the B band of ZnPc is visible in the spectrum of ZnPc on nanospheres. This is not
repeated in the spectra with 500 nm or 800 nm nanospheres as the proportion of ZnPc relative
to polystyrene is reduced (figure 5.20b,c). What is noticeable with 500 nm nanospheres is that
the lower intensity peak in the Q band has been shifted to a higher wavelength when ZnPc
is deposited on the nanospheres, compared to when nanospheres are deposited on ZnPc. Al-
though this could be explained by an increase in effective refractive index (equations 5.3,2.2),
the same cannot be said for the higher intensity peak in the Q band of ZnPc which has been
shifted to lower wavelengths when ZnPc is deposited on 500 nm nanospheres. It is possible that
deposition of ZnPc on a monolayer affects the reflectance and this will affect the absorbance.
Following removal of the nanosphere mask, the percentage of ZnPc remaining was calculated
by integration of the Q band region in the absorption spectra (figure 5.21) and is given in
table 5.2.
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Figure 5.21: Absorption spectra of films before and after removal of nanospheres: (a) ZnPc
deposited on 200 nm NS monolayers, (b) ZnPc deposited on 500 nm NS monolayers, (c) ZnPc
deposited on 800 nm NS monolayers
Table 5.2: Percentage of ZnPc film remaining following removal of nanospheres
Film Percentage of ZnPc remaining
ZnPc on 200 nm NS 31
ZnPc on 500 nm NS 22
ZnPc on 800 nm NS 26
As a perfect monolayer of nanospheres will cover 78.5% of the substrate, if ZnPc was deposited
between the nanospheres to a thickness of 50 nm, it would be expected that 21.5% of ZnPc
would remain following removal of nanospheres. The values for 200 and 800 nm nanospheres
given in table 5.2 are both higher than this, but the amount of film remaining after removal of
500 nm nanospheres is as expected. As AFM images of ZnPc deposited on monolayers showed
(figures 5.14,5.15), there were areas where no nanospheres had adhered. This was further
confirmed in AFM images taken after removal of nanospheres (figures 5.19,5.18,5.17) in which
raised areas were observed where ZnPc had deposited and remained when the nanospheres were
removed. This will have the effect of increasing the absorption due to ZnPc and had resulted
in a higher percentage of film remaining on the surface. The spectra themselves have lost all
characteristics seen in nanosphere spectra, indicating that a high proportion were removed,
despite observation of some remaining nanospheres in the 500 nm sample (figure 5.18).
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5.3 Results: Nanosphere Lithography on ZnPc Films
5.3.1 Absorption Spectroscopy of Nanosphere Monolayers on ZnPc
Films
Prior to deposition of nanospheres on ZnPc, absorption spectra of 50 nm thick films of ZnPc
were taken, as-deposited and after 40 minutes of UV treatment (figure 5.22). Peaks identifying
transitions in the Q band and B band at 626 nm and 331 nm respectively agree with spectra
measured in previous chapters (sections 3.2.3,) and with the literature [96].
Figure 5.22: Absorption spectra of 50 nm films of ZnPc, as-deposited and after irradiation in
standard conditions for 40 minutes
As a 100 nm film degraded in 80 minutes, it would be expected that these 50 nm ZnPc films
would be fully degraded in 40 minutes, however, integration of the Q band shows that 24% of
ZnPc film remains, equivalent to approximately 12 nm. The output of the excimer lamp does
decrease with continual use and at this point, the lamp was nearing the end of its life, having
been in use for several years. However, all UV irradiation was taken within a relatively short
period, avoiding superfluous lamp use and the output is therefore unlikely to vary significantly
over the samples irradiated in this chapter.
Monolayer coverage shields 78.5% of the film from UV light and 21.5% of the ZnPc film is
directly illuminated by UV light. Therefore, neglecting the effect of diffusion of excited oxygen
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species, 21.5% of film following UV treatment would have a thickness of 12 nm and the remain-
der would still be 50 nm. We would therefore expect irradiation of NS monolayers on ZnPc to
result in removal of at least 16.3% of ZnPc. The actual amount removed is likely to be higher
due to oxygen assisted degradation affecting ZnPc shielded by the nanospheres and due to the
gradual decrease in sphere diameter. The features produced by this process are also likely to
be modified by these factors.
Despite the hydrophobicity of ZnPc, demonstrated by its high contact angle, polystyrene
nanospheres were successfully deposited on ZnPc films, an achievement which has not been
reported prior to this. 200 nm and 500 nm nanospheres deposited on 50 nm ZnPc result in
composite films with absorbance largely composed of a superposition of individual component
films (figure 5.23). The 200 nm NS layer on ZnPc is simply the sum of the individual ab-
sorbances as any diffraction modes are outside the range of wavelengths measured, although
there is a very slight shift of up to 6 nm to lower wavelengths. Similarly for 500 nm NS on
ZnPc, however, here there are resonance modes at 535 and 330 nm where absorption has been
enhanced slightly beyond mere superposition of absorbance. The films were irradiated for 40
minutes and absorption spectra taken before and after removal of nanospheres then compared
to those for as-deposited films (figure 5.24).
Figure 5.23: Absorption spectra of (a) 200 nm nanosphere monolayers and (b) 500 nm
nanosphere monolayers on 50 nm films of ZnPc, with spectra for nanospheres on glass and
the linear sum of individual absorbances for comparison
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ZnPc coated with 200 nm NS shows a decrease in absorption upon radiation with little change
after removal of the nanosphere mask. It is possible that some nanospheres remain on the
surface but the most likely reason for little change after removal of nanospheres is that much
of the polystyrene has been degraded during the process. Integration of the Q band after NS
removal shows that 14% of the ZnPc film has been removed which is lower than the expected
value of 16%. ZnPc coated with monolayers of 500 nm NS showed an increased absorption
after UV irradiation with peaks at wavelengths of 356 and 623 nm, similar to the increase seen
in 500 nm nanospheres after UV treatment, where peaks were observed at 367 and 629 nm
(figure 5.12). Much of the absorption is due to the NS as shown by the spectrum obtained after
removal of the 500 nm NS. Integration of the Q band gives a value of 24% for the amount of
ZnPc removed which is greater than the minimum film removal expected. As the polystyrene
is gradually eroded during the UV process, a larger area of ZnPc film is exposed to UV light.
This, in combination with oxygen-assisted degradation results in greater film removal.
Figure 5.24: Absorption spectra after 40 minutes of UV treatment, before and after removal of
the nanosphere mask: (a) 200 nm nanosphere monolayers and (b) 500 nm nanosphere mono-
layers on 50 nm films of ZnPc, with spectra for as-deposited nanospheres on ZnPc
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5.3.2 Scanning Electron Microscopy Images of Nanosphere Mono-
layers on ZnPc Films
SEM images of monolayers on ZnPc demonstrate the effect of hydrophobicity on nanosphere
adhesion (figure 5.25). 200 nm nanospheres deposited on ZnPc form domains of monolayers
with far less regularity than when deposited on glass with frequent clustering of spheres (fig-
ure 5.25a,b). The 500 nm nanospheres do still form larger areas of monolayers than the 200
nm nanospheres, but the impact of the hydrophobic nature of ZnPc is evident in the smaller
domain size and greater prevalence of voids and dislocations (figure 5.25c,d). Despite this, 500
nm nanospheres on ZnPc form monolayers covering the majority of the surface and the results
of NSL will be observable. Films with monolayers of 200 and 500 nm NS were both irradiated
for 40 minutes in standard conditions.
Figure 5.25: Scanning electron microscopy images of nanosphere monolayers: (a) 200 nm
nanospheres on glass, (b) 200 nm nanospheres on ZnPc, (c) 500 nm nanospheres on glass
and (d) 500 nm nanospheres on ZnPc
SEM images of irradiated nanosphere monolayers on ZnPc show a large removal of mask ma-
terial from the 200 nm NS on ZnPc (figure 5.26a,b), whereas 500 nm NS on ZnPc still retain
a masking effect (figure 5.26c,d).
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Figure 5.26: Scanning electron microscopy images of nanosphere monolayers: (a) 200 nm
nanospheres on ZnPc, (b) 200 nm nanospheres on ZnPc after 40 minutes of UV irradiation
in standard conditions, (c) 500 nm nanospheres on ZnPc and (d) 500 nm nanospheres on ZnPc
after 40 minutes of UV irradiation in standard conditions
Following removal of the nanospheres using adhesive tape, the samples were analysed using
atomic force microscopy.
5.3.3 Atomic Force Microscopy Imaging of Films Following Removal
of Nanospheres
As the nanosphere diameter is reduced by interaction with UV light and oxygen, the profile of
features created by the masking effect of the nanospheres is unlikely to be cylindrical and is
more likely to take the form of a truncated cone. Similarly, the triangular arrays of zinc oxide
are likely to exhibit a concave surface as the centre will have been irradiated for longer than
the edges more recently exposed by erosion of the nanospheres. AFM images of monolayers
of 200 nm NS on ZnPc films following UV irradiation and removal of the mask are shown in
figure 5.27.
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Figure 5.27: AFM images of 200 nm NS on ZnPc, following irradiation for 40 minutes and
removal of nanospheres: (a) 5 µm image, (b) 2 µm image with a hexagonal arrangement of
features identified and (c) higher resolution 0.8 µm image of the hexagonal arrangement
The lower resolution AFM image after removal of 200 nm NS shows a few areas of regularly
arranged ZnPc features (figure 5.27a). The expected hcp arrangement of truncated cones is
difficult to identify and the final size of nanostructures formed is small, as indicated by the
height scale of the highest resolution image (figure 5.27c). One set of ZnPc structures arranged
as a hexagon have been highlighted in figure 5.27b. The average distance from the centre of the
hexagon to its vertices (b) is 240± 40 nm and the average length of the sides of the hexagon, a,
is 260± 60 nm. From the diameter of the nanospheres, the expected value for both a and b is
200 nm and this arrangement is highly likely to be seven ZnPc nanostructures remaining after
NS removal. In the background of these structures, residual ZnPc crystallites are clearly visible
with inter-grain distances of approximately 40 nm as was observed for as-deposited ZnPc in
chapter 3.
Figure 5.28: AFM image of ZnPc coated with a monolayer of 200 nm nanospheres, irradiated
and nanospheres removed, with a line profile taken across two features as indicated
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A line profile taken across two of the structures within the hexagonal arrangement yields a
height of approximately 21 nm for the two taller structures with heights of approximately 3
- 4 nm for the ZnPc grains in the background. The expected height for ZnPc nanostructures
from absorption spectroscopy (section 5.3.1) is 38 nm and the effect of erosion of the 200 nm
nanospheres has been to reduce the final height of the ZnPc pillars.
Figure 5.29: AFM images of 500 nm NS on ZnPc, following irradiation and removal of
nanospheres: (a) 10 µm image, (b) 5 µm image with a hexagonal arrangement of features iden-
tified and (c) higher resolution 1.5 µm image of the hexagonal arrangement
A far more regular arrangement of nanostructures is visible in the image of ZnPc film with 500
nm nanospheres removed (figure 5.29a) and many more take the hcp arrangement expected.
One such arrangement has been highlighted in figure 5.29b in which the average distance
between the nanostructures is 600± 90 nm, very close to the 500 nm expected. As for 200 nm
nanospheres, polystyrene erosion and oxygen diffusion have an impact which is confirmed not
only by absorption spectroscopy which indicated removal of 24% of ZnPc (section 5.3.1), but
also by examining the line profile of features seen in figure 5.29c.
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Figure 5.30: AFM image of ZnPc coated with a monolayer of 500 nm nanospheres, irradiated
and nanospheres removed, with a line profile taken across two features as indicated
The line profile in figure 5.30 gives a pillar height of 40 - 50 nm with a width of 180 - 200 nm.
The expected height and width were 38 and 500 nm respectively but that was calculated by
taking no account of nanosphere erosion or the impact of oxygen-assisted degradation which
have both clearly affected the final size of features. Although irradiation for 40 minutes was
not quite sufficient for all the exposed ZnPc to degrade and form zinc oxide, monolayers of 500
nm nanospheres do produce an array of ZnPc nanostructures.
5.4 Conclusion
Nanosphere lithography applied to ZnPc films and combined with the UV and oxygen assisted
degradation of the film through the mask to form zinc oxide is partially successful as a tech-
nique to create patterned arrays of nanostructures. Careful choice of nanosphere size to allow
conversion of ZnPc to oxide without excessive loss of polystyrene due to degradation by UV
light produces truncated cones of ZnPc surrounded by zinc oxide and any unreacted ZnPc with
cones appearing in a hexagonal array of spacing equivalent to the size of nanosphere used.
The width of ZnPc pillars formed after UV irradiation and subsequent removal of the mask is
smaller than the nanosphere size due to the effect of oxygen assisted degradation which affects
the periphery of ZnPc shielded from UV light by the nanospheres. The polystyrene mask is
almost completely removed by a simple technique using adhesive tape.
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Absorption spectra are largely a superposition of individual component spectra and are used to
determine the percentage of ZnPc remaining. Values of ZnPc removed exceed those expected,
confirming an erosion of nanosphere resulting in reduced masking and therefore an increase in
ZnPc degraded by UV light.
Deposition of ZnPc on monolayers of nanospheres followed by subsequent removal of the
nanosphere mask successfully creates an array of triangular nanostructures in positions cor-
responding to interstices of the hexagonally arranged nanospheres. The nanostructures are
regularly spaced at a distance given by the geometry of hexagonal close packed spheres. Al-
though some ZnPc diffuses to deposit under the edges of the nanospheres, no ZnPc is present
in the majority of the circular region screened by the spheres. Removal of spheres is successful
but a residue of polystyrene remains in the centre of each bare circle. The narrow aperture of
interstitial sites results in a disruption to the flow of ZnPc to the substrate, an effect which
increases with decreasing nanosphere size. An unexpected consequence is a scarcity of ZnPc
in the centre of the triangular nanostructure. Combined with diffusion of ZnPc beneath the
spheres, disruption of ZnPc flow results in the formation of centrally vacant triangular struc-
tures similar to hollow cylinders. Deposition of ZnPc on the surfaces of the spheres results in
a narrowing of the aperture and an eventual obstruction of flow with the consequence that the
nanostructures formed have a height lower than expected.
Absorption spectra of ZnPc on nanospheres are not simply a superposition of individual spectra
as deposition of ZnPc between spheres results in a higher effective refractive index and in
the case of 800 nm nanospheres, this is observed as a shift of transmission peaks to higher
wavelength. The peaks for 500 nm nanospheres, however, overlap the electronic transitions of
ZnPc making it difficult to distinguish the impact of a raised effective refractive index.
As polystyrene is sensitive to oxygen and UV light when combined, the use of silica nanospheres
would improve results substantially by the creation of features with higher definition if cylindri-
cal pillars are required. The photonic effects of an array of nanostructures in a matrix depend
on the difference between the refractive indices of the material the nanostructures are composed
of and the matrix itself. In addition, the dimensions and arrangement of the nanostructures are
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also important. As degradation of a 50 nm film of ZnPc will produce a film of zinc oxide only a
few nm thick, we have essentially created arrays of two types of ZnPc nanostructure surrounded
by air. Modification of spacing is easily effected by choice of nanosphere, thus photonic effects
would be dependent on the relative refractive indices of air and ZnPc.
Chapter 6
Conclusion
6.1 The Mechanism of Oxide Formation
Comparison of two similar molecules forming films with contrasting morphology has been used
to determine the relative influence of the two mechanisms involved in the formation of zinc
oxide from metal organic precursors using UV light and oxygen. The process can proceed
either through direct scission of organic bonds upon absorption of UV light or through bond
breakage by excited oxygen species produced by the interaction of oxygen with UV light.
XRD scans and AFM imaging of α-ZnPc showed that a crystalline morphology was maintained
throughout ZnPc degradation with the diffraction peak corresponding to the α modification
decreasing in intensity as the film was removed. This was accompanied by a linear increase
in surface roughness and increasing grain size. ZnTPP, however, was initially amorphous,
developing a grain like structure under UV treatment which coincided with an increase in
roughness, then returning to the original smooth, featureless surface of the as-deposited film
once ZnTPP was removed. Absorption spectra revealed differences in the kinetics of degradation
in the precursor films, with ZnPc exhibiting a linear rate of film removal at 1.3 nm/minute and
ZnTPP two separate regimes, the first at 0.3 nm/minute but the second, a linear rate equal
to that for ZnPc and occurring only when the morphology of ZnTPP had taken on a grainy
structure. Overall, the time taken for ZnTPP to fully react was significantly longer than for the
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crystalline film of ZnPc. From these results, it was inferred that morphology was fundamental
in determining the rate of film removal. The acceleration in degradation for ZnTPP from 0.3
to 1.3 nm/minute upon formation of a grainy structure implied an increased effect due to the
diffusion of excited oxygen species between features which had minimal impact when the film
was pristine and smooth. The oxygen assisted route was therefore far more significant in the
conversion of precursor to metal oxide than the UV assisted route.
This deduction was confirmed by UV treatment of crystalline ZnTPP, formed by deposition
on KCl substrates. The initial grain size and surface roughness both exceeded those of ZnPc,
as determined by AFM, producing channels for oxygen diffusion from the outset of UV irradi-
ation. Absorption spectra showed a complete removal of crystalline ZnTPP film earlier than
for amorphous ZnTPP. Although KCl reflects approximately 15% of light back into the film,
this is not sufficient to explain the rapid reaction compared to that for ZnTPP on quartz and
glass carried out simultaneously and is therefore a direct result of morphology, reinforcing the
conclusion that the oxygen assisted route is the primary process by which the film is removed
and zinc oxide formed.
Analysis of XPS and SIMS data demonstrated conclusively the formation of zinc oxide, with a
conversion ratio of zinc to zinc oxide of 0.19 for ZnPc and 0.14 for ZnTPP determined by ion
yields in SIMS. Zinc oxide formation was further supported by absorption in the UV region
of a UV treated 600 nm thick ZnPc film. XPS data also provided a description of the order
in which the reaction occurred with bonds involving carbon atoms in aromatic rings being the
first to break, followed by those bonded to nitrogen. This was the case for both precursors. The
silicon XPS spectra provided further evidence of roughening of the surface leading to exposure
of the substrate during UV irradiation.
6.2 Heterostructures
Deposition of ZnPc on PTCDA resulted in a complete change in the orientation of ZnPc
molecules from perpendicular to the PTCDA film to nearly parallel as a result of pi − pi in-
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teractions between PTCDA and ZnPc molecules, with ZnPc presenting a grains size slightly
larger than for non-templated ZnPc. XRD scans were used to identify the ZnPc molecular
planes aligned orthogonal to the substrate for the first time as the (01-2) and (11-2) planes,
with interplanar distances of 3.3A˚ and 3.2A˚ respectively. Templating was effected with a 20
nm thick film of PTCDA and the new arrangement of ZnPc maintained through most of a 100
nm thick film with XRD evidence of some relaxation of structure to the more ubiquitous (100)
orientation.
There was no discernible impact of molecular orientation on the degradation of ZnPc, despite
favourable alignment of the molecular electronic dipole with the electric field of light, in agree-
ment with the conclusion from chapter 3 that the oxygen assisted route was the major factor
in zinc oxide formation using oxygen and UV light. However, the kinetics of templated ZnPc
differed in that the reaction began slowly at first, due to the larger grain size, before proceeding
at 1.3 nm/minute as for non-templated ZnPc. The total degradation times were equal as the
underlying layer of ZnPc provided additional oxygen, completing the reaction more efficiently
than for non-templated ZnPc alone. XPS spectra for carbon yielded the same order of bond
breakage as for non-templated ZnPc, with bonds involving carbon atoms in aromatic rings
breaking first and no influence of molecular orientation.
PTCDA was employed as a model for a multilayer organic system to determine any effect of
the UV process on organic layers adjacent to the ZnP precursor film. The underlying PTCDA
layer was only affected once 50 nm of ZnPc had been removed from which it was concluded that
when UV degradation is proceeding in the linear regime, the influence of the oxygen assisted
route is manifest at a depth of 50 nm below the film surface as a result of film morphology
permitting diffusion of oxygen. The film roughness, in particular peak to trough distances,
further support this conclusion.
Deposition of an underlying layer containing oxygen provides an additional route for oxygen
assisted film degradation and raised the possibility of substantially decreasing the processing
time by layering alternately with precursor films. A multilayer structure alternating 10 nm
films of PTCDA and ZnPc such that the film contained a total of 100 nm of ZnPc reduced
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the time taken for ZnPc to fully degrade by half. UV degradation carried out in the absence
of oxygen for a 100 nm thick ZnPc film and the multilayer structure results in degradation
of 48% and 60% of ZnPc respectively, due to the contribution of oxygen by PTCDA. For the
multilayer film, this also involves the removal of at least 50 nm of PTCDA, reinforcing the view
that inclusion of an oxygen-containing molecule accelerates degradation.
6.3 Nanosphere Lithography
We aim to exploit the differences in optical properties of ZnPc and ZnO to form photonic
structures by applying nanosphere lithography to UV-assisted zinc oxide formation from ZnPc
films.
Monolayers of polystyrene nanospheres may be successfully applied to ZnPc films using a facile,
water based technique without affecting the initially deposited organic layer. The nanospheres
assemble to form a hexagonally close packed array of monolayer thickness although quality was
not equal that of monolayers formed on glass due to the hydrophobicity of ZnPc, as determined
by SEM imaging. 500 and 800 nm spheres form acceptable monolayers whereas 200 nm spheres
generate large numbers of faults. The combined absorption spectra are similar to a simple
addition of individual spectra.
UV irradiation of ZnPc through the polystyrene mask to create arrays of ZnPc pillars sur-
rounded by triangles of zinc oxide results in gradual erosion of nanospheres with 200 nm spheres
suffering the greatest damage. Consequently, truncated cones of ZnPc are formed instead of
pillars with a reduced width as determined by AFM. Excited oxygen species formed upon
UV absorption by oxygen in the chamber diffuse below the nanospheres also contributing to
a decrease in nanostructure diameter. Use of polystyrene which is sensitive to UV light lim-
its the total irradiation time which may be applied and the ZnPc film is not fully degraded.
Therefore, conical nanostructures of ZnPc are formed in a regular hexagonal array with spacing
corresponding to nanosphere size and are surrounded by a film of zinc oxide and ZnPc.
An alternative approach for photonic structure formation without the need to rely on the
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formation of ZnO with UV light involved deposition of ZnPc onto monolayers of nanospheres
on glass before removal of the nanosphere mask to form regularly arranged triangular ZnPc
structures on glass. AFM images taken prior to mask removal showed obstruction of the
interstitial gaps by ZnPc and subsequent removal of nanospheres revealed triangular structures
whose height had been limited by the reduced flow of ZnPc through narrowing apertures.
The spacing of the triangular nanostructures, measured using AFM, corresponded directly to
distances between interstices in the hexagonal arrangement taken by the nanospheres for both
500 and 800 nm spheres. The centre of each circular region shielded from ZnPc deposition by
nanospheres was bare of ZnPc but a residue of polystrene from nanosphere removal remained
at the very centre of the circle. Alterations in the flow of ZnPc between nanospheres resulted in
deposition close to the spheres, leaving the centre of each triangular structure relatively free of
ZnPc and an overall shape approximately that of a hollow cylinder6. This effect was amplified
when reducing nanosphere size from 800 to 500 nm.
Deposition of ZnPc on polystyrene nanospheres resulted in a modification of the transmission
of polystyrene as a consequence of a new, higher effective refractive index, redshifting the
transmission peaks.
6.4 Implications and Future Work
Elucidation of the mechanism by which metal oxide is formed from metalorganic precursors
using UV light and oxygen has demonstrated the importance of the oxygen-assisted route.
Precursor films may be deposited to take advantage of this by exploiting the benefit of crystalline
morphology. For example, altering deposition conditions to form smaller crystallites increases
the number grain boundaries which were shown to result in a faster rate of film degradation.
Other options to exploit the oxygen assisted route would be patterning of the precursor film.
Initially, the UV process affects the surface layer and only the regions accessible from grain
boundaries already present, however, once underway, diffusion of oxygen increases the depth at
which the process acts to a maximum of 50 nm in a film of initial thickness 100 nm. Control
198 Chapter 6. Conclusion
of precursor thickness will prevent damage to underlying layers as might the inclusion of a
protecting amorphous layer.
UV assisted metal oxide formation is a technique which may be applied regardless of molecular
orientation as the interaction of the precursor molecule with UV light is of minor influence
compared to that of excited oxygen species. Therefore, the process has potential for use within
production of any device, irrespective of the direction of charge transport required, for example,
OFETs and OPV devices require transport properties arising from the orthogonal and parallel
orientation of the phthalocyanine molecular plane respectively. Although the studies here have
been carried out on ZnPc and ZnTPP, the UV process is not limited to these molecules and
careful choice of precursor would allow an increase in yield or efficiency. To determine more
precisely the effect of orientation, comparison of ZnPc deposited on CuI substrates and on
PTCDA, both resulting in ZnPc depositing with the (01-2) and (11-2) planes parallel to the
substrate, will allow isolation of the impact of orientation from the effect of inclusion of an
oxygen containing molecule.
The UV process may be further improved by codeposition of oxygen containing molecules to
facilitate degradation of the film and subsequent oxide formation. Zinc acetate, for example,
is a precursor commonly employed for zinc oxide production by thermal decomposition. Code-
position with ZnPc may have a beneficial effect on yield and degradation rate and would not
demand the high temperatures normally required for oxide formation from zinc acetate, ensur-
ing the process remains feasible at room temperature for plastic electronic purposes. Although
PTCDA has been shown to increase the rate of film degradation, the ideal oxygen-containing
molecule would have minimal carbon composition and would also contain zinc, thereby increas-
ing yield and providing additional oxygen without leaving residual carbon deposits.
The novel combination of nanosphere lithography with UV assisted oxide formation may be
significantly improved by the use of silica nanospheres which are unaffected by UV light and
oxygen and would permit precursor films to fully degrade. In order to create an alternating
array of ZnPc and zinc oxide nanostructures rather than an array of ZnPc pillars surrounded by
a film of zinc oxide and unreacted ZnPc, using silica nanospheres would allow repeated cycles of
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ZnPc deposition followed by UV irradiation to gradually increase the thickness of oxide formed.
Although time-consuming, this process is carried out at room temperature.
Finally, reflectance has been shown to affect absorption by ZnPc and ZnTPP films, although
quantifying film thickness by integration of the Q band remains a valid method due the minimal
impact reflectance has. However, the same may not be true for ZnPc films combined with
nanolithography. It would be interesting to measure both specular and diffuse reflectance of
nanosphere monolayers on ZnPc and of ZnPc deposited on monolayer films to determine the
effect of a change in effective refractive index on transmission.
As a technique for oxide formation, the UV assisted methodology functions at room temperature
and may be easily integrated into the production of organic electronic devices. The technique
is equally applicable to other metal phthalocyanines such as VOPc and FePc to create their
respective oxides and may easily be used to form mixed oxides by codeposition of the precursors
without risk of phase separation. Facile and versatile, it offers many avenues for potential
improvement via modification of morphology, precursor choice and method of application.
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